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Abstract 
With the formal adoption of the Water Framework Directive in 2000, into European legislation it 
committed all member states to ensure that all inland waterbodies should reach good ecological 
status by 2015. As a result examination of the influence of hydromorphology on the ecological 
health of riverine ecosystems has become an increasingly important priority for statutory 
monitoring agencies such as the Environment Agency of England and Wales and equivalents in 
other parts of the UK. It is anticipated that by increasing our understanding of the role that 
hydromorphological processes play in shaping river habitats and the ecosystems that they 
support, river management strategies can be developed that will help lead to waterbodies 
achieving good ecological status. In this thesis, the influences of river hydromorphology and 
instream channel management activities on instream macroinvertebrate communities are 
explored. A two-scale approach was used at a regional macro-scale and local / catchment 
micro-scale. The macro-scale study examines the ecological, hydrological and 
geomorphological data for 88 river reaches located within the Environment Agency’, Anglian 
Central and Anglian Northern regions, over a twenty year period (1986-2005). At the micro-
scale two sub-catchments were selected, the River Bain and River Lymn, both located in 
Lincolnshire, England for detailed investigation. The micro-scale study was undertaken using 
ecological, hydrological and geomorphological data collected over three successive seasons 
(Autumn 2008, Spring 2009 and Summer 2009) enabling the seasonal variations and the 
influence of both stream size and habitat biotope on macroinvertebrate community composition 
and structure to be explored. The hydromorphological characteristics and condition of the rivers 
were quantified using ‘ecologically relevant’ hydrological indices, calculated from flow discharge 
paired with geomorphological indices from River Habitat Survey data. The response of the 
instream macroinvertebrate communities was examined using a range of ecological indices 
including the Lotic-invertebrate Index for Flow Evaluation (LIFE). The results of the macro-scale 
investigation demonstrate that the macroinvertebrate community is directly influenced by 
instream hydromorphology and the level of anthropogenic modification. The micro-scale study 
highlights important differences in macroinvertebrate communities associated with instream 
habitat / biotope composition. The quantification of river hydromorphology, with the use of 
‘ecologically relevant’ hydrological indices and geomorphological indices, derived from River 
Habitat Survey data, is discussed with regards its ability to help explain the structure and 
composition of macroinvertebrate communities within highly managed / regulated riverine 
ecosystems. The implications of this research for river managers and for implementing river 
restoration and rehabilitation schemes are explored. 
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Chapter 1 Introduction 
1.1 Research context 
The physical habitat of a river is defined by a complex interaction between hydrology and 
geomorphology (hydromorphology), which are in turn determined by the regional climatic and 
geological setting.  It is important to recognize that the physical habitat of riverine ecosystems is 
not stationary in time or space, but is instead a product of ongoing temporal and spatial 
variability in hydrological and geomorphological regimes and the processes associated with 
them. Whilst this highly variable scenario it typical for ‘natural’ or unregulated systems, many of 
the world’s rivers have been subject to anthropogenic modification and in some instances 
degradation. Anthropogenic modification of the natural hydrological and geomorphological 
conditions of a river can vary in severity, but may result in distinct anthropogenic physical 
habitats, leading to significantly altered ecological communities. 
 
Variability in both the hydrological and geomorphological conditions of rivers has been widely 
acknowledged and reported to influence and structure ecological communities (fisheries, 
macroinvertebrates and primary producers) which they support. Research has identified 
variations in hydrology and geomorphology to influence river bird (e.g. Vaughan et al., 2007), 
fish (e.g. Maddock and Bird, 1996) and macroinvertebrate communities (e.g. Wood and 
Armitage, 2004; Dunbar et al., 2006). Whilst numerous faunal and floral assemblages have 
been reported to be sensitive to changes in hydrological and geomorphological conditions, 
macroinvertebrates have a long history in the assessment of river conditions, such as water 
quality and flow conditions (e.g. Chesters, 1980; Armitage et al., 1983; Hawkes, 1998; Extence 
et al., 1999). Research on the influence of hydrological flow regime variability on riverine 
macroinvertebrate community composition and structure has examined macroinvertebrate 
responses to changes over varying spatial and temporal scales (Monk et al., 2006) and flow 
extremes, both high flow/flood conditions (e.g. Snyder and Johnson, 2006) and low flow/drought 
conditions (e.g. Wood and Armitage 2004). This has lead to the identification of communities 
associated with distinct sets of flow conditions.  Variations in the geomorphological condition of 
rivers and the associations with macroinvertebrate communities have also received 
considerable attention (e.g. Dunbar et al., 2006; Erba et al., 2006; Dubar and Mould, 2009). 
Previous research has reported both spatial and temporal patterns in the locality of 
macroinvertebrates, with research highlighting preferences made by different macroinvertebrate 
species for specific substratum assemblages (e.g. Armitage et al., 1995; Wood and Armitage, 
1999; Urbanic et al., 2005) and different habitat biotopes (Newson and Newson, 2000; Hill et al., 
in press). 
 
The hydrological and geomorphological conditions of a river, whilst naturally varying both 
temporally and spatially, may also be modified anthropogenically. Research into the effects of 
anthropogenic disturbance to both hydrological and geomorphological conditions has been 
examined over a number of years (e.g. Ward and Stanford, 1983, 1995). Hydrologically, the 
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effects of anthropogenically altered flow regimes have been investigated, as a result of water 
abstractions (e.g. Acreman et al., 2008) and water impoundments (e.g. Armitage, 2006) and 
their subsequent effects on the structure of macroinvertebrate (e.g. Zhang et al., 2010), fish 
(e.g. Butler and Wahl, 2011; Helms et al., 2011), river birds (e.g. Azami et al., 2012) and 
marcophyte communities (e.g. Moore et al., 2010). Geomorphologically, the effects of 
anthropogenic modification on the natural river habitat, resulting from channelization processes 
and catchment land-use on the structure of instream macroinvertebrate (e.g. Dunbar et al., 
2010a, 2010b; Törnblom et al., 2011), fish (e.g. Eitzmann and Paukert, 2010), river bird (e.g. 
Pierce and King, 2011) and macrophyte communities (e.g. Pedersen, 2009) have also been 
investigated. 
 
The European Water Framework Directive (WFD) (European Commission, 2000) aims to 
achieve ‘good ecological status’ in all surface waters by 2015 (Boon et al., 2010). Whilst this is 
the ideal aim it is accepted that many rivers across Europe are heavily modified, and as such, 
the WFD states that these can be classed as Heavily Modified Water Bodies (HMWB), meaning 
they only need to achieve ‘good ecological potential’ (Hering et al., 2010). As part of the delivery 
and implementation of the WFD it is essential to increase our understanding of the role of 
hydromorphology in the structuring of macroinvertebrate community compositions. By 
increasing our understanding of the role of hydromorphology reference conditions could be 
formulated, which could subsequently be used in the design of river rehabilitation and 
restoration schemes (Raven et al., 2010). The research contained within this thesis aims to 
increase our understanding of the role of hydromorphology in structuring instream 
macroinvertebrate communities through the detailed examination of long-term ecological, 
hydrological and geomorphological datasets, obtained from the Environment Agency for 
England and Wales and through the use of primary data collection from field surveys. 
 
1.2 Thesis aims 
The principal aim of this research is to explore the role that hydromorphology plays in 
structuring riverine macroinvertebrate communities. The roles of the two components of 
hydromorphology, hydrology and geomorphology are explored both individually and in 
combination. Hydrological variability is explored using flow discharge (m
3
s
-1
) data and point flow 
velocity (ms
-1
) measurements. Geomorphological variability is explored using geomorphological 
information regarding the river’s channel and corridor obtained from River Habitat Survey data 
(Raven et al., 2000). 
  
In order to fulfil the thesis aims a two-scale approach was adopted. First, a macro-scale 
approach utilizes the wealth of ecological, hydrological and geomorphological data available 
from the Environment Agency of England and Wales databases for the Anglian Northern and 
Central regions. Long-term (1986-2005) ecological data in the form of biannual (Spring and 
Autumn) macroinvertebrate sample records, paired with hydrological data, in the form of river 
gauge discharge (m
3
s
-1
) data from the same period form the basis of the analysis. In addition, 
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the geomorphological conditions / characteristics of the river, quantified using River Habitat 
Survey data, in the form of indices describing both habitat quality and habitat modification, have 
been paired with each sample site. Second, a micro-scale approach, based upon primary 
hydrological, geomorphological and ecological data, collected over a three successive seasons 
at 15 sites within the River Bain and River Lymn catchments was undertaken. The sampling 
programme was designed to allow the effects of stream size (order) and habitat biotope (riffle, 
run, pool) on the influence of hydromorphology on instream macroinvertebrate community 
composition and structure to be explored. A range of data analysis techniques are employed to 
examine the influence of hydromorphology on the composition and structure of 
macroinvertebrate communities and to explore the aims and objectives of the thesis. The 
research presented in this thesis addresses eight specific aims: 
 
1. To explore the spatial and temporal variation in hydrology, quantified by a suite of 
hydrological indices reported as being ecologically relevant, of the long-term (1986-
2005) flow (discharge) data of the 28 flow gauges from the Anglian Northern and 
Central regions and to identify the principal descriptors of the flow regimes (Chapter 4). 
 
2. To explore the spatial and temporal variation in ecology, with the use of both raw 
taxonomic data and ecological indices, using long-term macroinvertebrate data from 88 
Environment Agency BIOSYS sites, located in the Anglian Northern and Central regions 
(Chapter 4). 
 
3. To explore the influence of hydrological variability on macroinvertebrate community 
composition, using the long-term paired hydrological and ecological datasets for the 88 
Environment Agency BIOSYS sites, located in the Anglian Northern and Central regions 
(Chapters 4 and 5). 
 
4. To explore the ability of geomorphological indices derived from River Habitat Survey 
data, to quantify the geomorphological condition of the 88 study sites within the Anglian 
Northern and Central regions, and to highlight the principal indices that most accurately 
describe the geomorphological condition (Chapter 5). 
 
5. To explore the ability of geomorphological indices derived from River Habitat Survey 
data, to explain the spatial and temporal variability in the long-term ecological records of 
the 88 Environment Agency BIOSYS sites located in the Anglian Northern and Central 
regions (Chapter 5). 
 
6. To explore the ability of hydromorphology, quantified by geomorphological indices 
derived from River Habitat Survey data and hydrological indices calculated from raw 
flow gauge data and point flow velocities, to explain the spatial and temporal variability 
in the long-term ecological records of the 88 Environment Agency BIOSYS sites located 
in the Anglian Northern and Central regions (Chapters 5 and 6). 
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7. To explore the influence of stream size (order) in the ability of hydromorphology to 
explain the macroinvertebrate communities of 15 sample sites, spanning across two 
sub-catchments, the River Bain and the River Lymn (Chapter 6).  
 
8. To explore the influence of habitat biotope (riffles, runs, pools) in the ability of 
hydromorphology to explain the macroinvertebrate communities of 15 sample sites, 
spanning across two sub-catchments, the River Bain and the River Lymn (Chapter 6). 
 
1.3 Thesis structure 
The structure of this thesis, including the primary content of each individual chapter, is 
summarized in Figure 1.1. Chapter 2 presents a review of previous research centred on the 
influence of hydrology and geomorphology on aquatic macroinvertebrate communities and the 
monitoring and management strategies used to assess them. The chapter explores the findings 
of previous published hydroecological research on the influence of flow regimes, flow extremes 
and flow modification on instream macroinvertebrate taxa and communities. The chapter 
explores the influence of fluvial geomorphology on instream macroinvertebrates; exploring the 
effects of substratum, channel morphology and catchment land-use. The chapter concludes by 
discussing strategies that are employed in the assessment of riverine hydromorphology. 
 
The fieldwork protocols and data analysis techniques, used to explore the aims and objectives 
of this thesis, are presented in Chapter 3. The main aims and objectives of this thesis are 
explored within the three primary results chapters (Chapters 4, 5 and 6). Chapter 4 presents the 
results of the macro-scale investigation exploring the relationships between long-term paired 
biomonitoring macroinvertebrate sample data, obtained from the Environment Agency for 
England and Wales’ BIOSYS database and the long-term river flow (m
3
s
-1
) data, also obtained 
from the Environment Agency for England and Wales. The analysis contained within chapter 4 
examines the flow regimes of the 28 flow gauges, highlighting the primary factors (principal 
components) structuring the hydrological regimes. These primary variables were subsequently 
used to explore the influence of flow regime characteristics in structuring the macroinvertebrate 
communities. The results presented within Chapter 5 extend the analysis presented in Chapter 
4, by assessing how geomorphological characteristics can be used to characterize riverine 
ecosystems. The geomorphological characteristics and conditions are quantified using River 
Habitat Survey data, obtained by primary collection and from the Environment Agency for 
England and Wales. This data is able to quantify the level of anthropogenic modification and the 
physical heterogeneity of sites surveyed. The principal drivers characterising the 
geomorphological conditions of the sample sites were identified using a similar approach to that 
employed for the hydrological data. The final analysis within Chapter 5 examines the influence 
of hydromorphology (hydrology and geomorphology) on the structure and composition of 
instream macroinvertebrate communities building on previous research in the field (e.g. Erba et 
al., 2006; Dunbar et al., 2010). Chapter 6 presents the results of a micro-scale investigation 
5 
 
examining the influence of hydromorphology on macroinvertebrate communities. The micro-
scale investigation is comprised of primarily field data, allowing a customized investigation 
protocol to be developed that could examine aspects of the ecological-hydromorphological 
relationships that it was not possible to be address in the macro-scale investigation. The 
increased flexibility of the micro-scale investigation methodology enables comparisons to be 
made between macroinvertebrate communities from different stream orders, habitat biotopes 
(riffles, runs and pools) and the hydromorphological conditions.   
 
Chapter 7 concludes the thesis by discussing the results presented in the results chapters 
(Chapters 4, 5 and 6) in relation to the aims and objectives of the thesis. It also addresses the 
wider implication and applications of the research, with regards the development of 
management strategies and the delivery of the European Water Framework Directive. The 
chapter concludes with a research agenda for future research from both pure science and 
applied management perspectives. 
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Figure ‎1.1 Schematic diagram of the thesis structure 
Chapter 1 Introduction 
 
+Research context 
+Thesis aims and objectives 
+Thesis structure 
Chapter 2 Literature review 
 
+Influence of hydrology on macroinvertebrates 
+Influence of geomorphology on macroinvertebrates 
+Monitoring and management 
Chapter 3 Methodology 
 
+Study site selection 
+Data collection and quality assessment 
+Field and lab work 
+ Indices calculation 
+Data management and analysis techniques 
Chapter 6 Sub-catchment micro-scale eco-hydromorphological analysis 
 
+Explores the relationships between hydrological, geomorphological and macroinvertebrate sample data. With 
specific focus on the effects of seasonality, stream order and habitat biotope on these relationships 
Chapter 4 Macro-scale 
hydroecological analysis 
 
+Explores the patterns in the long-term (1986-
2005) river flow data and macroinvertebrate sample 
data 
 
+Explores the relationships between long-term 
(1986-2005) river flow gauge data and 
macroinvertebrate sample data 
Chapter 5 Macro-scale eco-
hydromorphological analysis 
 
+Explores the patterns in geomorphological data  
 
+Explores the relationships between long-term 
(1986-2005) river flow data, geomorphological data 
and macroinvertebrate sample data 
Chapter 7 Eco-hydromorphology 
 
+Discusses the fulfillment of thesis aims 
+Discusses the influence of geomorphology on instream macroinvertebrate communities 
+Presents a conceptual model to assist in the implementation of management schemes 
+ Applications and considerations of this and future research 
+Conclusions 
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Chapter 2   Literature Review 
2.1 Introduction 
The term hydromorphology was first used in the European Water Framework Directive (WFD) to 
refer to the combination of hydrology and geomorphology, describing the hydrological and 
geomorphological elements of river habitats (European Commission, 2000). It is rapidly 
becoming a prominent descriptor of river flow regime variability (both natural and 
anthropogenic) and fluvial geomorphology (processes and landforms) in the description of 
riverine physical habitat (Newson and Large, 2006). The WFD uses reference conditions, 
considered to be typical of natural or slightly altered rivers (Newson, 2002; Newson and Large, 
2006) to assess the hydromorphological condition of rivers to determine if a water body qualifies 
as having ‘high ecological status’ (Raven et al., 2010). It requires the hydromorphological 
conditions to contribute to high physical habitat quality, leading to ‘good ecological status’ (Orr 
et al., 2008). Hydromorphology is being viewed as an essential element of river conservation as 
it provides a template of physical habitat, upon which all ecological structures and functions are 
based (Vaughan, et al, 2009; Vaughan and Ormerod, 2010). A greater understanding of the role 
of hydromorphology in shaping the physical habitat, in a way that promotes good ecological 
health, is essential for river managers and environmental authorities if the aims of the WFD are 
to be met (Boon et al., 2010).  
 
Hydrology and geomorphology interact to create physical habitat, with hydrological processes 
affecting river geomorphology and geomorphological processes influencing river hydrology. In 
addition, there are anthropogenic influences that need to be considered such as channelization, 
water abstractions and catchment land-use, which subsequently influence instream hydrology, 
geomorphology and ecology. Riverine invertebrate assemblages are highly sensitive and the 
community composition is influenced by many factors, both extrinsic (abiotic) and intrinsic 
(biotic). Hydromorphological condition is an important abiotic influence on instream 
communities. For the vast majority of unpolluted streams, flow, temperature, substrate and 
water chemistry may be considered the major primary factors determining the 
macroinvertebrate community composition, with temperature and flow being widely seen as the 
two most influential (Hynes, 1970; Precht et al., 1973; Wieser, 1973; Ward and Stanford, 1979; 
Moore et al., 1997; Poff et al., 1997; Bunn and Arthington 2002; Durance and Ormerod, 2007).   
 
This review examines previous research that has been undertaken in both the fields of 
hydrology and geomorphology and the newly emerging fields of hydroecology and ecohydrology 
(Hannah et al., 2008), with regards their effects on invertebrate assemblages. It also explores 
the monitoring and assessment of hydromorphology in relation to instream ecology. The 
structure is as follows: 
 
 Hydrology 
o Flow regime 
o Flow extremes 
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o Flow alteration 
 Geomorphology 
o Substratum 
o Channel geomorphology 
o Catchment land-use 
 Monitoring and management 
o Hydromorphological assessment 
 
 
2.2 Riverine hydrological variability 
The hydrological regime (river flow regime) is a primary factor structuring the invertebrate 
assemblages within riverine ecosystems. However anthropogenic interventions and 
modifications (for example flow regulation, water abstraction and channelization) may 
significantly alter the regime with subsequent significant implications for the geomorphology. 
 
2.2.1 Flow Regimes 
There are many factors that naturally define and modify the flow of a river, principally climate 
and the underlying geology (Potter, 1991; Arnell, 1992a, 1992b; Poff, 2002; Bower et al., 2004) 
but also flow regulation (Ward and Stanford, 1983), channelization, water abstractions (Castella 
et al., 1995) and catchment land use (Allan et al., 1997; Strayer et al., 2003; Townsend et al., 
2003). There is confusion between hydrologists and ecologists over the use of the term ‘flow’.  
Within this thesis the term flow refers to discharge, expressed as m
3
s
-1
, which is measured at a 
particular cross section of the river. Flow velocity is expressed as ms
-1
, which is a product of 
discharge and channel geomorphology,
 
varying vertically, laterally and longitudinally (Dunbar et 
al., 2006, 2010a, 2010b).   
 
Climate may be non-stationary and may be subject to trends or cycles of natural origin, which 
may be altered further by anthropogenic forcings. This variability produces a flow regime that 
varies both temporally and spatially and is unique to each individual river. It is becoming 
increasingly recognised that in the absence of other confounding effects, differences in flow 
regimes are associated with differences in the structure and composition of macroinvertebrate 
communities (e.g. Statzner and Higler, 1986; Richter, et al., 1996; Poff et al., 1997; Gibbins et 
al., 2001; Naiman et al., 2002; Wood and Armitage, 2004).   
 
Flow Regimes and invertebrate communities 
The associations between flow regimes and invertebrate communities have been increasingly 
explored (Richter et al., 1996, 1998; Olden and Poff, 2003; Hannah et al., 2004, 2007; Monk et 
al., 2006; Poff and Zimmerman, 2010). Richter et al. (1996) developed the Indicators of 
Hydrologic Alteration (IHA) methodology, which identified 5 groups of hydrological variables that 
could potentially be ecologically relevant. The groups covered regime characteristics such as 
(1) magnitude, (2) timing, (3) frequency, (4) duration and (5) rate of change. However, few 
studies have combined these hydrological indices with ecological data. The relationships 
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between flow regimes and both macroinvertebrate and fish communities have been explored in 
countries such as England and Wales (Monk et al., 2006), USA and Canada (Armanini et al., 
2011; Chinnayakanahalli, 2011), Australia (Puckridge et al., 1998) and New Zealand (Clausen 
and Biggs, 1997).  
 
Extence et al. (1999) developed the Lotic-Invertebrate Index for Flow Evaluation (LIFE) 
methodology to link qualitative and semi-quantitative changes in riverine benthic 
macroinvertebrate communities to antecedent and current flow characteristics. The LIFE 
methodology was developed based upon the known preferences of British benthic invertebrates 
to flow velocity, compiled from previous research (Macan, 1965, 1977; Kimmins, 1972; Ellis, 
1978; Reynoldson, 1978; Elliot and Mann, 1979; Janus, 1982; Hynes, 1984; d’Aguilar et al., 
1985; Fitter and Manuel, 1986; Askew, 1988; Elliot et al., 1988; Friday, 1988;Savage, 1989; 
Bratton, 1990; Wallace et al., 1990; Bratton, 1991; Wallace, 1991; Wright, 1992; Gledhill et al., 
1993; Edington and Hildrew, 1995; Elliot, 1996; Brooks, 1997). The LIFE score has been a 
valuable metric in the assessment of macroinvertebrate community response to hydrological 
variations (Monk et al., 2006, 2007, 2008; Dunbar et al., 2006, 2010a, 2010b; Dunbar and 
Mould, 2009). A similar invertebrate-flow velocity index has been developed in Canada, the 
Canadian Ecological Flow Index (CEFI), using the known preferences of the 55 most common 
taxa (Armanini et al., 2011). 
 
Using long-term biomonitoring data and hydrological flow series Monk et al. (2006) were able to 
characterise groups of rivers with similar river flow regimes, firstly through clusters of flow 
magnitude and subsequently through flow regime shape (timing of peak). Five flow-magnitude 
groups and three regime-shape groups were formed. Once combined, ten distinct composite 
groups were identified. Correlation analysis found significant differences between both the two 
flow-regime descriptive groups and the flow regime composite groups, and biotic indices; 
principally LIFE (Extence, 1999). The study demonstrated that each composite flow regime 
group displays differences in the benthic communities found within the rivers. This dataset and 
approach has subsequently been used to identify hydrological redundancy (Monk et al., 2007) 
and drought and inter-annual variability (Monk et al., 2008). 
 
The LIFE score methodology has also been explored with regards its relationships to the 
hydromorphological condition of rivers (Dunbar et al., 2006, 2010a, 2010b; Dunbar and Mould, 
2009). These studies highlighted that the degree to which a river channel had been 
anthropogenically modified, subsequently resulting in an altered flow regime, was highly 
correlated to the composition of the macroinvertebrate communities, as quantified by LIFE 
scores. Whilst these studies highlighted that geomorphology was important in structuring 
macroinvertebrate communities in addition to hydrology, the hydrological regimes of the studied 
rivers were not explored in great detail, with only low flows (Q95, the flow exceeded 95% of the 
time) and high flows (Q10, the flow exceeded 10% of the time) being analysed. 
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2.2.2 Flow Extremes 
Within river systems discharge is not constant, but is a result of a complex interaction of 
hydrological processes. Subsequently river flow varies continually, with periods of high flows 
(floods) interspersed with moderate flows and periods of low/base flows (droughts). Studies into 
the effects of both high and low flows on invertebrate community structure have highlighted 
hydraulic preferences displayed by different invertebrate species (Extence, 1981; Cowx et al., 
1984; Boulton and Lake, 1992a, 1992b; Sagar 1986; Scrimgeour and Winterbourn, 1989; Wood 
and Armitage, 2004) and also invertebrate community adaptations (Lytle and Poff, 2004). 
 
High Flows and Floods 
High flows can be produced both naturally and be influenced by anthropogenic factors.  Natural 
seasonal variation in flow regimes create periods of both high and low flows. Anthropogenically 
influenced peak flows can be caused indirectly through catchment land use alterations, which 
have been predicted to result in heightened flow extremes (Gibson et al., 2005). The impacts of 
high flow conditions and floods on macroinvertebrates have been well documented (Hoopes, 
1974; Siegfried and Knight, 1977; Scullion and Sinton, 1983; Sagar, 1986; Hendricks et al., 
1995; Bradt et al., 1999; Snyder and Johnson, 2006; Lee and Bae, 2011).   
 
Flood conditions, which resulted in increased flow velocities and discharges, of >200% the long-
term mean (1958-1981) have been observed to have a marked affect on invertebrate 
assemblages, resulting in catastrophic drift of invertebrate, physical damage of some individuals 
and a reduction in algal populations (Sagar 1986).  Post-flood invertebrate communities have 
varied both within and between studies, with inconsistent reductions in species being found 
between post-flood sample sites (Hoopes, 1974; Siegfried and Knight, 1977; Scullion and 
Sinton, 1983; Sagar, 1986; Hendricks et al., 1995). Post-flood communities have been found to 
be dominated by filter feeders, due to their ability to exploit the increased levels of fine 
particulate organic matter (FPOM) (Winterbourn et al., 1984) and predators (Rounick and 
Winterbourn, 1983). Few sedentary and case-dwelling species tend to be found, attributed to 
their slow moving nature, whilst the opposite is found for free-moving species, which are able to 
move deep into substrates and into the hyporheic zone  to avoid the potential damage caused 
by the high flows (Sagar, 1986; Wood et al., 2010). A persistent ability for macroinvertebrate 
populations of the river to rapidly recover and recolonize after frequent, temporally inconsistent 
flood disturbance events has been observed, attributed to refuge seeking behaviours, flexible 
life histories and the effective recolonization techniques of the benthic invertebrates (Sagar, 
1986; Scrimgeour and Winterbourn, 1989; Bradt et al., 1999). The timing of the flood events is 
also critical to the disturbance caused to invertebrate species, with flood events that occur 
towards the end of invertebrate life cycles creating difficulty in evaluating the disturbance 
caused (Hendricks et al., 1995). 
 
Low Flows and Droughts 
Similarly to high flows, low flows can be caused through both natural and anthropogenic 
processes. Natural low flows are associated with a rainfall deficit; these events may be of a 
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short duration (days-weeks) or may extend over multiple seasons (Smakhtin, 2001).  
Anthropogenically influenced low flows are created through water abstractions (Adeloye and 
Low, 1996; Castella et al., 1995) and the construction of water flow regulating features, such as 
dams (e.g. Syvitski et al., 2005; Vörösmarty et al., 2004). Climate change may lead to changes 
in patterns of low flows (Arnell, 1992a, 1992b; Shorthouse and Arnell, 1999) and, it is 
increasingly claimed as a result of anthropogenic climate change (e.g. Bell et al., 2007). The 
times when water demand is greatest often coincide with periods when rivers experience 
natural low flows, which in turn amplifies the reduction in flow (Gasith and Resh 1999; Suren et 
al., 2003a, 2003b).   
 
Many studies have been undertaken to examine the effects that low flows have on invertebrate 
communities, with the low flows being derived naturally (e.g. Extence, 1981; Wood and Petts, 
1999; Suren et al., 2003a, 2003b), anthropogenically (e.g. Armitage and Petts, 1992; Castella et 
al., 1995; Dewson et al., 2003) or experimentally (e.g. Corrarino and Brusven, 1983; Minshall 
and Winger, 1968; Poff and Ward, 1991). Channel hydraulic-geometry plays a major role in 
determining downstream habitat-availability and composition (Rosenfeld et al., 2007).  Water 
quality has been found to alter with low flow conditions: water temperature has been found to 
increase (e.g. Cowx et al., 1984; Petts and Bickerton, 1994), decrease (e.g. Mosley, 1983; 
Kinzie et al., 2006) and remain the same (e.g. Kraft, 1972; McIntosh et al., 2002). Water pH 
levels have shown a similar pattern to this (e.g. Rader and Belish, 1999; McIntosh et al., 2002); 
whilst electrical conductivity has consistently been found to increase (e.g. Dewson et al., 2003).  
Levels of dissolved O2 have not been seen to change (e.g. Dewson et al., 2007a; Radar and 
Belish, 1999). Reductions in flow have been reported, for the vast majority of studies, to 
increase surficial fine sedimentation (e.g. Kraft, 1972; Ham et al., 1981; Malmqvist and Englund, 
1996; Wood and Armitage, 1997) and reduce suspended sediment loads (Caruso, 2002; Bond, 
2004).   
 
With regards to the effects that reduced river flows have on invertebrate communities it has 
been found that invertebrate densities have increased (e.g. Gore, 1977; Extence, 1981; Dewson 
et al., 2007b), decreased (e.g. Cowx et al., 1984; Wood and Petts, 1999; McIntosh et al., 2002) 
and to a lesser extent remained unaltered (Cortes et al., 2002; Suren et al., 2003a). Taxonomic 
richness has been found to decrease (Englund and Malmqvist, 1996; Rader and Belish, 1999; 
Wood and Armitage, 1999) with reduced flows and on a few occasions remained unaltered 
(Dewson et al., 2003). Invertebrate drift has generally been reported to increase in response to 
reduced river flows (e.g. Minshall and Winger, 1968; Ruediger, 1980; Rutledge et al., 1992; 
Dewson et al., 2007b), however reductions have also been reported (e.g. Poff and Ward, 1991; 
Kinzie et al., 2006). Predation and competition has also been reported to increase (e.g. 
Extence, 1981; Matczak and Mackay, 1990), however at least one study has reported 
reductions (Zhang et al., 1998). 
 
Groundwater-fed streams are particularly susceptible to long drought events as river water 
levels are directly influenced by the amount of water present in the aquifer (Drake and Sherriff, 
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1987; Owen 1991). This aquifer storage may mean that shorter duration events may have less 
impact when compared to streams on more impermeable geology. The influence of a long 
period of drought, 1988-1992 and 1995-1997, on the numbers of invertebrates present within a 
groundwater-fed stream was examined (Wood and Petts, 1999; Wood and Armitage, 2004).   
From 1992, the end of the low flows until 1995, the number of recorded taxa increased by 
26.6% from 58 to 79. The average number of individuals per sample also increased, from 64 in 
1992 to 1785 in 1995.  This dramatic increase highlights increased surface flows and habitat 
availability, accredited to increased river width and the re-activation of dry reaches post-1992 
drought. Community recovery was seen to extend over a two-year period following the end of 
the drought, associated with the recharging of the groundwater aquifer (Wood and Armitage, 
2004).  Wood and Petts (1999) conclude that the negative effects on invertebrate assemblages, 
of winter droughts in chalk streams, are far greater than those of summer droughts. The use of 
the hyporheic zone as a refugium during low-flow, drought events, by invertebrates has been 
witnessed with abundances of benthic invertebrates, in particular amphipod Gammarus pulex 
being found to increase within the hyporheic zone during drought conditions (Stubbington et al., 
2009, 2011; Wood et al., 2010). The post-drought recovery of invertebrate communities has 
been investigated (Churchel et al., 2006).  Sites were observed to be recolonised rapidly, and 
community compositions remained similar until 15 days after the return of surface flow, after this 
unique recovery patterns were displayed (Churchel et al., 2006).   
 
Low Flows vs. High Flows 
Suren and Jowett (2006) investigated the effects of both low summer and autumn flows and 
high winter and spring flows on the invertebrate communities found within the Waipara River, 
New Zealand, a gravel-bed river. Comparisons were made between total abundances, taxon 
richness and the numbers of Ephemeroptera, Plecoptera and Tricoptera taxa (EPT). Similarly to 
previous work (Sagar 1986; Scrimgeour and Winterbourn 1989) invertebrate community 
densities decreased after flood events, with this decrease being found to be proportional to 
flood magnitude. Extence (1981) reported that periods of low flows resulted in unchanged or 
increased invertebrate densities. Community similarity was seen to increase with time post-
disturbance, which suggests that the longer the duration of stable flows, the less the community 
changed. Comparisons were made between riffle and run sites and the results indicated 
increased invertebrate densities within riffle sites. Two possible explanations were given for this; 
(1) invertebrates drifted into the areas of faster velocity (the riffles) or (2) the density increased 
as a direct result of declining habitat width, which has been reported in previous research 
(Extence, 1981). Although Suren and Jowett (2006) compared the differing effects of low and 
high flows on the invertebrate communities these high and low flow events were seasonally 
orientated and thus both flow and seasonal variation would affect the invertebrate community 
compositions. However, previous research demonstrated that benthic invertebrates within New 
Zealand river systems display little or no seasonal patterns (Sagar 1986; Scrimgeour and 
Winterbourn 1989) suggesting the differences observed between the low and high flow 
invertebrate communities can be confidently attributed largely to flow. 
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2.2.3 Altered hydrology 
River hydrology can vary naturally but can also be altered by human intervention / use. Water 
abstractions create lower flows, altering the natural flow regime, which in turn alters the faunal 
communities. Water impoundment and the regulation of water flows similarly create unnatural 
flow regimes, and geomorphological processes, which again alters the faunal communities.  
 
Abstractions 
With the fundamental assumption that the biota of a river is adapted to the natural flow regime 
the effects of water abstraction on riverine ecology are becoming an increasing concern (Petts 
et al., 1994; Castella et al., 1995; Acreman et al., 2008). As a result the need to investigate the 
effects of an altered regime is of high priority (Petts et al., 1994). The effects on invertebrate 
communities are similar to those seen in rivers during periods of low flows and droughts 
(Dewson et al., 2007b), previously discussed. However when low flow and drought periods 
coincide with water abstractions the effects are multiplied. The effects of short-term, seasonal 
abstractions, for example summer irrigation, on river channels and their macroinvertebrate 
communities have been explored (Dewson et al., 2007b; James et al., 2008). Macroinvertebrate 
communities were seen to be highly resilient to short-term reductions in flow with 
macroinvertebrates being seen to accumulate in the decreased available areas of water, thus 
increasing local invertebrate density (Dewson et al., 2007b; James et al., 2008). The effects of 
water abstractions with regards to their location along the river continuum has been noted, with 
highland streams appearing not to suffer any adverse effects of water abstractions, whilst 
lowland streams do (Armitage and Petts, 1992). In response to the WFD and its requirement for 
surface water bodies to possess good ecological health and the known effects of low flow 
conditions on river health (macroinvertebrate communities) maximum abstraction limits were 
proposed (Acreman et al., 2008). With the least ecologically sensitive rivers and the most 
sensitive rivers having proposed abstraction limits of 15-35% and 7.5-25% reductions of the 
natural flow, respectively.  
 
Impoundment and regulation 
The long-term impacts on faunal communities of  impoundment and water regulation is currently 
of great interest to river managers, as the mitigation of the construction and operation of dams 
will need to be addressed, in order to meet the requirements of the WFD (Acreman et al., 2009). 
River impoundments and flow regulation structures cause the alteration in not only natural flow 
regimes, but also longitudinal geomorphological processes (Petts and Greenwood, 1985; 
Gilvear, 2004), such as sedimentation, resulting in changes in faunal communities (Greenwood 
et al., 1999). Long-term adaptations to macroinvertebrate community compositions have been 
witnessed with the colonization of new invertebrate species and the decolonization of others 
(Armitage, 2006).   
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2.3 Fluvial geomorphology 
The geomorphology of both the river and its catchment can have a very influential role on the 
invertebrate assemblages found within a river. Both natural and anthropogenically altered 
catchment geomorphology can determine river flow hydrographs. Channel geomorphology can 
be altered drastically through channelization projects, which can cause large changes in the 
flow regimes and the sedimentology of the river, both of which are essential in producing a 
heterogeneous habitat where highly diverse invertebrate assemblages can be accommodated. 
 
2.3.1 Substratum 
A river’s substratum can have significant effects on the invertebrate community. Substratum 
stability (Downes et al., 1997), size (Bourassa and Morin, 1995) and heterogeneity (Beisel et al., 
2000; Boyero, 2003) can all influence invertebrate community composition. River substratum is 
the medium upon which aquatic insects move, rest, find shelter and seek food (Minshall, 1984). 
Substratum is made up of both organic and inorganic materials, with the leaves, branches and 
grass from the surrounding land and river flora making up the organic constituent. The inorganic 
substrates are largely determined by the underlying parent materials and materials transported 
from the surrounding land or by human activity (Minshall, 1984).   
 
Habitat stability 
It is not only the size of the substratum that affects the abundances and distribution of 
invertebrates, but also its stability (Downes et al., 1997). Stability is generally seen as being 
proportionate to size, and thus the larger the substrata the more stable it is. However, 
invertebrate distributions do not tend to peak at the most stable sites, but have been found to 
peak at those sites of intermediate stability, as described by the Intermediate Disturbance 
Hypothesis (Connell, 1978). 
 
Habitat stability has been identified as being influential in structuring the diversity patterns within 
invertebrate communities (Death and Winterbourn, 1995). Death and Winterbourn (1995) 
undertook fieldwork in Cass-Craigieburn, New Zealand, examining 11 freshwater habitats (10 
streams and a windswept lake shore). Measurement of stability involved 6 variables, the bottom 
component of the Pfankuch (1975) stability index, which measures the stability of the substrate, 
the temperature range, the movement of marked stones, the temporal variation in current and 
depth and the tractive forces. The results showed that as the stability of a site increased so did 
the species richness and density, however species evenness peaked at sites of intermediate 
stability. Those species found at the most unstable sites were least affected by increased 
instability, whilst those species at intermediately stable sites were affected most. More recent 
work has been undertaken to explore which measure of bed stability provides the most 
significant measure of invertebrate-substrate-stability relationships (Schwendel et al., 2010). It 
was identified that the Pfankuch bottom component and tracer stone metrics both highlighted 
strong negative relationships between invertebrate diversity and decreasing stability, and that 
an approach combining the two could serve as a powerful explanatory tool in river ecology 
(Schwendel et al., 2011). 
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Riffles have often been perceived as homogenous geomorphological units (Grant et al., 1990).  
Studies from around the world have found that the geomorphological conditions within riffles 
can vary significantly, strongly influencing macroinvertebrate assemblages (Downes et al., 
1993, 1995; Matthaei et al., 2000; Matthaei and Townsend, 2000). Pedersen and Friberg (2007, 
2009) compared two riffles that were visually very similar to one another. Whilst being visually 
very similar, measurements revealed significant differences in hydraulic conditions, substratum 
stability, substratum composition and consolidation. The less stable, unconsolidated riffle 
supported higher abundances of both burrowing and surface macroinvertebrates (dominated by 
species with high colonization potential), total estimated species richness and lower 
distributional evenness than the more stable, homogeneous riffle. Within the unconsolidated 
riffle, differences in median particle size were coupled with variations in invertebrate 
composition, and linear relationships were seen between abundance and median particle size. 
No similar pattern was found in the stable riffle.   
 
Habitat refugia  
Habitat refugia can loosely be defined as spatially discrete patches within the channel bed 
substratum where hydraulic forces and shear stresses are lower, relative to the surrounding 
area (Lancaster et al., 2006). The occurrence of invertebrates in refugia during disturbances 
increases the chances of survival and allows redistribution and recolonisation post-disturbance 
(Lancaster and Belyea, 1997; Hart and Finelli, 1999). Invertebrate species have been seen to 
exhibit behavioural changes and specific movements as a result of the onset of spate flow 
disturbances with choices being made as to the habitat they seek refuge in (Lancaster, 1999). 
Invertebrate populations may exhibit resilience or resistance to disturbance events (Gjerlov et 
al., 2003). Some species have been seen to seek refuge in the hyporheic zone (Schmid-Araya, 
1993, 1994; Doleolivier et al., 1997), others within the stable surface substratum (Biggs et al., 
1997; Matthaei et al., 2000), and others in hydraulic dead zones, where low shear stresses 
persist (Lancaster and Hildrew, 1993a, 1993b; Winterbottom et al., 1997). Low flow, drought 
conditions have also seen the increased use of the hyporheic zone as a refuge by 
macroinvertebrate species (Stubbington et al., 2009, 2011; Wood et al., 2010). 
 
Field and flume experiments have been conducted to improve our understanding of invertebrate 
movements during times of spate flows and high discharge, both of which have revealed similar 
patterns. During spate flow conditions the colonization of high refugium patches, where shear 
stresses are lower and the chances of survival are greater, has been seen to increase 
(Winterbottom et al., 1997). The colonization rates of refugium sites have been found to 
increase with disturbance frequency, but only where availability of refugium sites is low, which in 
turn has caused the increased mobility of invertebrates to be witnessed (Gjerlov et al., 2003). 
High refugium sites (those sites with the lowest number of shear stress points at high discharge) 
have been seen to have the highest colonization rates, which had no relation to the disturbance 
regime, suggesting that a more heterogeneous habitat provides more favourable microhabitats, 
leading to higher survival rates (Gjerlov et al., 2003). 
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Flume experiments to examine the position and behaviour of invertebrates before, during and 
after spate flow episodes have been undertaken, with specific focus on the behaviour of three 
species, namely Oreodytes sanmarkii, Ephemerella ignita and Leuctra inermis (Lancaster, 
1999). Periods of spate flows saw a decrease of O. sanmarkii and E. ignite, within the high 
velocity habitats, and an increase in the low velocity, refugium habitats. The numbers of L. 
inermis were not seen to show a preference for habitat. Active and passive movement was both 
witnessed, with active crawling and passive drifting occurring (Lancaster, 1999). The 
movements of the crawling cased-caddisfly species Potamophylax latipennis, within turbulent 
flow conditions has been investigated (Lancaster et al., 2006). High turbulent discharge caused 
disturbances in the movement behaviour of the caddis flies, with the speed, distances and 
frequency of movements being reduced (Lancaster et al., 2006). During normal flows the caddis 
flies were seen to spend the majority of time at the junction between proud substratum and the 
adjacent lower plane, however during higher, turbulent flows the time spent at these junctions 
was reduced and more time was spent on the tops and sides of the substratum, which is 
generally considered to be disadvantageous (Lancaster and Mole, 1999) as these are the areas 
that experience the highest velocities. Flume experiments were undertaken to explore the 
scouring effects of high discharge events but also the inclusion of fine transported sediments, 
which is more representative of what occurs in upland streams (Bond and Downes, 2003). 
Increased flow led to an increase in the number and diversity of drifting animals, which saw 
significant reductions in the number and diversity of organisms found in the samples following 
the high flow event. The inclusion of suspended fine sediment had little marked effect, which 
suggests that the turbulent flows were the overriding factor determining invertebrate 
entrainment and survival (Bond and Downes, 2003). 
 
Substratum assemblage preferences 
The investigation into substrate preferences displayed by invertebrates has been well 
documented.  Initial studies simply investigated those species that preferred organic substrates 
and those that preferred inorganic substrates (Percival and Whitehead, 1929; Minckley, 1963). 
It soon became apparent that these divisions between those that preferred organic substrates 
and those that preferred inorganic substrates were not quite as clear cut, with evidence that 
species showed increased preferences for different types of organic and inorganic substrates 
(e.g. Whitehead, 1935; Gregg, 1981). These preferences are as a result of species-specific 
requirements, for example, sedentary invertebrates require attachment sites for feeding, growth 
and pupation, those species with suction discs require relatively smooth surfaces on which to 
attach and those invertebrates that burrow require penetrable substrates. Case-bearing 
Tricoptera require very specific substrate assemblages (Urbanic et al., 2005) with some species 
requiring inorganic substrates to construct their cases whilst some require grains less than 1mm 
in size to construct theirs. They also prefer to live in areas of coarse substrates, and thus 
heterogeneous substrate assemblages are required (Tolkamp, 1980).   
 
There have been many investigations into the relationship between invertebrate abundance and 
biomass and substratum size preference. Under controlled conditions, using homogeneous 
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substrate categories it was found that invertebrate abundance and biomass increased as 
substratum size increased (e.g. Sprules, 1947; Pennak and Van Grepen, 1947). Pennak and 
Van Gerpen’s (1947) work, later complimented by Ward (1975) reported an increase in 
invertebrate abundance and biomass from sand (1.5-3mm) through to rubble (30-200mm), this 
relationship subsequently ended when substratum increased in size to bedrock. This trend, 
however, has been found not to be the case under natural conditions, with heterogeneous 
substrata being seen as the more preferred habitat (Beisel et al., 2000; Boyero, 2003).   
 
Life cycle has been associated with substrate size selection. Evidence suggests that the needs, 
with regards substratum size, of some invertebrate species changes at various points during 
their life cycles (Mackay and Kalff, 1969). This is most commonly seen amongst case-building 
Trichoptera (Cummins, 1964; Hildrew and Townsend, 1977; Mackay, 1977; Tolkamp, 1980; 
Agnija, 2011). 
 
2.3.2 Altered channel and catchment geomorphology 
River geomorphology has a significant impact on the ecology of a river. If there are alterations 
to the geomorphology of either the river channel, as a result of channelization and/or the river 
catchment, via changes in land-use, there will subsequently be alterations to the ecological 
communities which the river can support.   
 
Catchment land use 
Rivers are influenced by the landscape that surrounds them (Hynes, 1975; Vannote et al., 
1980), with the threats posed by human actions to the ecological integrity of river ecosystems 
being increasingly recognised (Allan et al., 1997; Strayer et al., 2003; Townsend et al., 2003; 
Törnblom et al., 2011). Human activities alter both the hydrological (Potter, 1991; Davies-Colley, 
1997) and sediment regimes (Zweig and Rabeni, 2001) within a river’s catchment, which can 
alter the stability of the river channel and subsequently produce a degraded, less 
heterogeneous river (Allan, 2004). Changes in catchment land use may also influence a 
stream’s ecosystem through changes in nutrient loading (Allan et al., 1997), solar energy flux 
(Hicks, 1997), organic matter inputs (Hicks, 1997) and decomposition rates (Niyogi et al., 2003). 
These changes are most profound when forested catchments are converted to pasture or urban 
land uses (e.g. Hicks, 1997; Wang et al., 1997). The changes seen when grassland is 
converted are often more subtle (Townsend and Riley, 1999; Riley et al., 2003). There has been 
an increase in studies into the effects of changes in catchment land use on river ecology (Allan 
and Johnson, 1997; Rosenberg et al., 2000; Paul and Meyer, 2001). Studies have generally 
focused on the urbanisation of river catchments, with the loss of natural landscapes in order to 
make room for expanding areas of residential and commercial uses (Grimm et al., 2000) and 
the loss of natural landscapes to make room for agricultural developments. A recent study has 
shown that land cover can be used as a proxy for the composition and structure of 
macroinvertebrate assemblages (Törnblom et al., 2011). Unlike the previously reviewed 
instream factors, catchment land use acts on community composition indirectly.  
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The urbanization of river catchments can have profound effects on hydrological regimes. 
Urbanization results in an increase of impervious surfaces within the catchment and land 
drainage systems, which can not only lower the amount of water held in storage, but also 
provides the rainfall an accelerated route to the river (Hollis, 1975) leading to an altered 
hydrological regime. This increase in surface run-off can lead to increased channel erosion 
(Trimble, 1997), altered channel geomorphology (Pizzuto et al., 2000) and increased 
concentrations of pollutants, specifically sediments, nutrients, organic matter and potentially 
toxic chemicals entering the water course (Wilber and Hunter, 1977; Herlihy et al., 1998; Ometo 
et al., 2000; Violin et al., 2011). Water temperature of surface run-off can also be increased with 
increasing time spent on exposed surfaces (Allan, 2004).   
 
The transformation of the natural river catchment landscape into one of agriculture has been 
found to reduce water quality and alter the physical stream habitat and the biological 
assemblages that they contain (Richards et al., 1996; Roth et al., 1996; Sponseller et al., 2001; 
Wang et al., 1997). The extensive development of agricultural land within river catchments often 
results in the loss of riparian forest, which acts as a buffer, limiting the inputs of sediments, 
nutrients and pesticides (Lenat, 1984; Osborne and Wiley, 1988; Cooper, 1993; Virbickas et al., 
2011). Diffuse agricultural pollution impacts both riparian and stream habitats (Reynolds, 2008). 
Agricultural land use can be subdivided into arable and pastoral land, with increased detrimental 
effects, as a result of the high nitrate flux, being found in those catchments where arable 
farming is undertaken (Meador and Goldstein, 2003; Strayer et al., 2003). With regards the 
biological integrity of the river it has been well documented that rivers within agricultural 
catchments support fewer sensitive taxa species compared to natural forested catchments 
(Genito et al., 2002; Lenat and Crawford, 1994; Wang et al., 1997) and the loss of riparian 
forest has been shown to increase the abundances of grazers, with the energy source changing 
from an autochthonous one to an allochthonous one (Delong and Brusven, 1998; Hladyz et al., 
2011).   
 
Land drainage 
Land drainage systems have been installed extensively in agricultural land throughout Britain, 
which is thought to be the most extensively drained country in the world (Green, 1979). The 
advantages of land drains on agricultural land spans across both arable and pastoral farming 
practices, promoting root uptake of nutrients, reducing animal diseases associated with wet 
pastures and promotes healthier grassland used for grazing (Robinson, 1990). The result of 
Britain’s land drainage schemes was shortened response times and higher flood flows. Field 
experiments, backed up by computer modelling, found that the effect of drainage on peak flows 
is strongly related to soil water status and thus the soil type (Bailey and Bree, 1981; Robinson, 
1990). 
 
Arterial Drainage Schemes (ADSs) were implemented in Ireland firstly during the 19
th
 century 
following the famine and then again, more systematically following the 1945 Arterial Drainage 
Act (Bhattarai and O’Connor, 2004). The Irish ADS primarily focused on widening and 
19 
 
deepening channels in order to alter the hydrological response of the catchment, with the 
desired outcome of reducing overland flooding (Bhattarai et al., 2004; Bhattarai and O’Connor, 
2004). 
 
Channelization 
Dredging the bed of a river may be intended to reduce resistance and thereby increase flow 
velocity, but it also removes sediments, thereby increasing the volume of the channel, which 
also reduces flood risk. In Denmark dredging and channelization of 90% of all stream networks 
has led to substantial habitat degradation (Pedersen et al., 2004). The majority of Danish 
streams are now small, less than 2.5 m wide, with low velocity, fine sediments and little or no 
macrophytes present due to weed cutting (Sand-Jensen, 1998)  resulting in the loss of their 
natural dynamic structure (Brookes, 1987). Macroinvertebrate communities have been affected 
greatly by the effects of dredging with an increase in fine sediments and a decrease in flow 
being reported to reduce species richness (Pedersen et al., 2004; Wood et al., 1999). Increased 
flow, resulting from dredging, removed fine sediment, exposing coarse substrate, preferred by 
the macroinvertebrates (Pedersen et al., 2004). 
 
It is a common occurrence to find human developments and natural river courses overlapping. 
Whilst it is possible to develop around the natural course of a river the channelization of the 
river channel often occurs. This can involve the resectioning, reprofiling and impoundment of 
the river channel to make it behave in a way that is beneficial to the human development. The 
effects of channel resectioning on invertebrate community composition have been recently 
investigated (Dunbar et al., 2006, 2010a; Dunbar and Mould, 2009). With the use of LIFE 
scores as an assessment of the community compositions and RHS resectioning scores as a 
measure of the level of channel resectioning, significant negative relationships were found 
between the level channel resectioning and the LIFE score at sample sites, implying slower flow 
velocities. Those sites with higher levels of channel resectioning were seen to have lower LIFE 
scores (invertebrate communities dominated by macroinvertebrate species that prefer slow 
flows) (Dunbar et al., 2010a, 2010b).    
 
Culverts provide an enclosed channel to artificially alter the course of the river in order to negate 
the inconvenience that is caused by the river on the urban landscape. Culverts can be placed 
under roads or towns to provide a route for the river to flow. Investigations into the physical 
disturbance that road culverts had on macroinvertebrate communities have been undertaken 
(Khan and Colbo, 2008). The investigation examined three sample streams, which reported that 
the abundance of invertebrates was seen to be elevated greatly at the sites immediately at the 
exit of the culvert in the plunge pool. The high velocities meant that the substrate within the 
plunge pool was debris free, resulting in high abundances of Simulium spp., which require clean 
surfaces on which to attach. Both Hydropsychidae and Elmidae numbers reduced below the 
culverts, but for differing reasons. Like Simulium spp., Hydropsyche spp. are filter feeders, 
however Hydropsyche spp. require a more stable environment, which a plunge pool does not 
provide. The removal of organic material and detritus within the plunge pool, as a result of high 
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water velocities creates a less than ideal habitat for Elmis spp. which are detritus feeders (Khan 
and Colbo, 2008). It is normally viewed that stress on a river ecosystem will reduce faunal 
diversity (Rosenberg and Resh, 1993; Lancaster and Belyea, 1997); however Khan and Colbo 
(2008) found that a long standing point source physical disturbance impaired abundance rather 
than diversity. 
   
 
2.4 Monitoring and management 
Good quality water is a valuable resource for humans through potable supply, irrigation and 
recreation, but is also very important to the biological integrity of the earth’s rivers, lakes and 
seas (Carpenter et al., 1998). Degradation in water quality can be caused by many processes, 
including eutrophication. Eutrophication is caused by the input of excess amounts of 
phosphorus and nitrogen (Smith, 1998). Phosphorus and nitrogen input into riverine systems is 
primarily derived through agricultural practices and urban activities (Novotny and Olem, 1994; 
Sharpley et al., 1994). The response of macroinvertebrate communities to pesticides has been 
a heavily documented one (e.g. Davies and Cook, 1993; Taylor et al., 1994; Hose et al., 2002; 
Beketov and Liess, 2008). This strong link between water quality and macroinvertebrate 
assemblages has led to the development of water quality scoring systems (Chesters, 1980; 
Armitage et al., 1983; Hawkes, 1998). Physical habitat has also been seen to have strong links 
to river ecosystem health (Clews et al., 2010; Dunbar et al., 2010b; Vaughan and Ormerod, 
2010). This, coupled with the requirements of the WFD for all inland water bodies to reach a 
status of ‘good ecological health’ by 2015 (European Commission, 2000), has resulted in the 
development of surveys which aim to quantify the physical habitat of a river (Boon et al., 2010; 
Raven et al., 2010). 
 
2.4.1 Hydromorphological assessment 
The River Habitat Survey (RHS) is a method that was created to broadly characterise and 
assess the physical structure of freshwater streams and rivers (Environment Agency, 2003). A 
prototype of the RHS was developed in 1992 as a direct influence of the European Water 
Framework Directive (European Commission, 2000). The first extensively used version of the 
survey was put into use in 1994 across the UK. Subsequent revisions of the survey have been 
made in both 1997 and 2003. The survey provides information of both the geomorphological 
and habitat features and processes that are occurring both in the river channel and the river’s 
floodplain (Environment Agency, 2003). 
 
One way in which the raw data from RHS may be used is through computation of two summary 
scores, Habitat Quality Assessment (HQA) and Habitat Modification Score (HMS). HQA 
represents the number and extent of numerous features felt to occur predominantly in ‘natural’ 
river systems, whereas HMS represents the extent of various elements contributing to habitat 
modification 
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Development of RHS 
The standard RHS form was created in the UK by the Environment Agency, designed to be 
used to assess UK rivers. Therefore adaptations and extensions of the standard form have 
been made to allow for its use elsewhere in the world. Buffagni and Kemp (2002) extended the 
basic RHS to enable its use with braided river channels, which are far more common in 
southern Europe than in the UK. Their extended version of the RHS included the assessment of 
both the main channel and all secondary channels. The assessment of these channels was also 
extended to include the surveying of secondary flow and substrate types. This provided a 
clearer picture of flow types, which removed the difficulty of deciding between two evenly 
predominant flow types. The extensions were seen as particularly useful when featuring in a 
biological or ecological study as they create a better picture of the habitat conditions (Buffagni 
and Kemp, 2002). 
 
The robustness of the RHS has been questioned (Harvey et al., 2008) suggesting that it 
oversimplifies surface flow types, units of channel geomorphology and functional habitat, which 
is a complex and dynamic hydraulic environment. Similarly to Buffagni and Kemp (2002), 
Harvey et al. (2008) suggests that the inclusion of a section for the noting of secondary flow 
types to the RHS would be beneficial, allowing a greater understanding of the complexity of the 
river flow and thus heterogeneity of the ecological habitats within the channel.  
 
The two Environment Agency standard indices HQA and HMS are most commonly derived and 
used, however these overlook the majority of data collected during a RHS (Vaughan, 2010).  
Vaughan (2010) has derived seven new habitat indices, which summarise nearly half of all RHS 
variables. The indices describe bedrock / boulder channels, bank and riparian vegetation, 
sediment transport and deposition and bank reinforcement and re-sectioning. The seven indices 
were derived using Exploratory Factor Analysis (EFA) and Principal Components Analysis 
(PCA), described in Vaughan and Ormerod (2005). They underwent rigorous testing, which 
found that they are reliable across the complete range of conditions experienced in the UK. 
Together they create a reasonably detailed description of river habitats, with success in 
quantifying riverine bird habitats being reported (Vaughan and Ormerod, 2005). 
 
Uses of RHS 
Although originally created for use in the UK, the validity of the use of the RHS in other 
European countries has been tested, with the eventual aim of producing a standard guidance 
for assessing physical characteristics of watercourses (Environment Agency, 2003). The survey 
has been tested in Finland, France, Austria, Portugal, Italy, Spain and Greece.   
 
RHS has been used to compare the hydromorphological condition of rivers above and below 
dams (Gritzalis et al., 2005) to measure physical structure, to assess longitudinal impacts of 
anthropogenic pressures on invertebrates (Chatzinikolaou et al., 2006) and to assess the 
hydromorphological condition of sites being used to assess the effects of pollution and habitat 
modification as a result of land-use changes (Karaouzas et al., 2007). It has also been used to 
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investigate the inter-relationships between ecology, hydrology and geomorphology in the 
DRIED-UP projects (Dunbar et al., 2006; Dunbar and Mould, 2009). 
 
The use of RHS in research spans from individual investigations (e.g. Tavzes et al., 2006) to 
EU-funded projects, namely the Standardisation of River Classifications (STAR) project. Tavzes 
et al. (2006) investigated the biological and hydromorphological integrity of a small urban steam 
in Slovenia. All sites were classified as being moderately polluted and so water quality was able 
to be removed from the potential causes of any patterns found within invertebrate communities. 
A downstream-upstream gradient of physical habitat degradation was observed; however 
invertebrate community composition was not seen to follow this longitudinal pattern, though % 
detrivores, the number of individuals and % EPT were most negatively correlated to the 
degradation (Tavzes et al., 2006). The STAR project, which aims to solve problems that may be 
encountered when implementing the Water Framework Directive (WFD) (Furse et al., 2006) 
used RHS derived data to compare the hydromorphological characteristics of rivers from 
different geographical regions (Szoszkiewicz et al., 2006) and to measure the effects of 
hydromorphological alteration and naturalness of habitat (Erba et al., 2006). Szoszkiewicz et al. 
(2006) conclude that each of the geographical regions studied, Alpine, mountainous, lowland 
and southern Europe, possess distinctive hydromorphological characteristics and behave 
differently to each other. As a result it is suggested that different geographical regions should be 
treated differently with regards the assessment of hydromorphological quality and restoration 
projects (Szoszkiewicz et al., 2006; Davy-Bowker and Furse, 2006). Erba et al. (2006) reported 
that biotic indices were strongly correlated to both the RHS derived HQA and HMS scores. The 
correlation with HQA was stronger, suggesting that habitat diversity is potentially more 
important than geomorphological modification. Channelization, in the form of channel 
resectioning and channel reinforcement, was reported to reduce the hydromorphological quality 
of the river, which influenced the macroinvertebrate assemblages. Both studies contribute 
important information that can be used for the refinement of international standards for the 
hydromorphological assessment of streams and rivers (Davy-Bowker and Furse, 2006).  
 
The standard Environmental Agency RHS has been used in its ‘basic’ form, but has also been 
used to develop and extend other river habitat scoring systems and schemes. The RHS has 
been used to update and improve the System for Evaluating Rivers for Conservation 
(SERCON), a method for defining river conservation value, creating SERCON 2, a redesigned 
version of the original SERCON (Boon, 2002). The proposed framework for setting Physical 
Habitat Objectives (PQOs), an approach to setting objectives for river restoration, uses RHS 
data to classify existing habitat conditions and to suggest objectives for improvement (Walker, 
2002). The Urban River Survey (URS) has been developed using the RHS to enable it to 
discriminate between urban river channels in order to provide support in decision-making 
regarding channel management (Davenport et al., 2004). It contains additional variables and 
improved resolution of some variables that are particularly important in urban river 
management. A much greater focus on the channel planform is included to identify the 
engineering type of the surveyed reach, with river planform alterations, re-engineering and 
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reinforcement having their own sections. In depth testing of the URS has found it to be a very 
robust and helpful methodology and classification system in the management decision-making 
of urban streams.  
 
Channel resectioning and reinforcement are a common sight, not only within urban catchments, 
but also rural ones. The effects of channel and bed resectioning have been highlighted as 
having a significant role in shaping community composition within the Environmental Agency 
funded DRIED-UP (Distinguishing the Relative Importance of Environmental Data Underpinning 
flow Pressure assessment) research project. The DRIED-UP project aimed to establish priority 
areas for environmental monitoring for assessing the impact of abstraction. The project 
examined the relationships between LIFE scores, at differing taxonomic levels (family, genus 
and species) and both gauged and modelled daily mean flow. Genus-level and species-level 
data produced slightly tighter relationships to flow than family-level did and little difference was 
seen between the results obtained with gauged flow or modelled flow (Dunbar et al., 2006). 
Local habitat data, in the form of RHS derived HMS and HQA scores and sub-scores were used 
to improve LIFE-flow relationships. Habitat modification, measured via the HMS scores were 
seen to influence LIFE scores, with an inverse relationship being found between the level of 
modification and LIFE scores (increased levels of modifications produced lower LIFE scores).  
HQA scores were not seen to be related to LIFE, though this might have been due to the small 
sample size (Dunbar et al., 2006). The response of LIFE scores to low flows was seen to 
increase as the level of channel modification increased (Dunbar et al., 2006). This relationship 
was supported by the findings of DRIED-UP 2 (Dunbar and Mould, 2009), with a reduction in 
low-flow refugia and habitat variability in increasingly modified channels explaining this trend. 
The same negative relationship between channel and bed resectioning and LIFE scores has 
also been identified more recently in upland river systems (Dunbar et al., 2010a). 
 
The DRIED-UP project highlights the benefits that would be gained by linking biological 
monitoring site sampling strategies to the sampling strategies employed with RHS data 
collection (Dunbar et al., 2006). It was reported, and thus suggested, that because habitat 
modification plays a major role that it should be taken into consideration when establishing flow 
objectives. The small difference seen in results where gauged flow data was used and modelled 
flow was used enables biological monitoring sites that are not coupled with flow gauging 
stations can be taken into consideration when flow is being considered (Dunbar et al., 2006; 
Dunbar et al., 2010a).  
 
 
2.5 Summary and Conclusion 
River ecology is determined by a complex interaction of both hydrological and geomorphological 
(hydromorphological) processes. These processes vary both temporally and spatially and can 
be altered both naturally and anthropogenically. This review has looked at the main processes 
affecting river ecology and the stressors which alter these processes. Not discussed are the 
potential effects that future climate change may have on these processes, but it is important to 
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note that both impacts on flow (Hauer et al., 1997; Moore et al., 1997) and temperature 
(Durance and Ormerod, 2007) have been witnessed. The monitoring and management of river 
habitats has also been discussed, with a focus on the River Habitat Survey, which was 
developed to characterise the physical habitat of rivers. 
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Chapter 3 Methodology 
3.1 Introduction 
This chapter outlines the methodological approaches used to explore the aims of the thesis, 
outlined in Chapter 1. The relationships between hydrology and geomorphology and their 
effects on instream ecology will be examined at two separate scales. The first at the regional 
(macro-scale) takes advantage of the wealth of hydrological, ecological and geomorphological 
data the Environment Agency of England and Wales and the Centre for Ecology and Hydrology 
have available within their databases. The second is a sub-catchment, (micro-scale) study 
which enables the relationships between hydrology, geomorphology and ecology to be explored 
at a fine spatial resolution, with intra-site variations being assessed. The data collection and 
sampling protocols for both the macro-scale and micro-scale studies are outlined within this 
chapter. Additional specific methodological details are also presented within individual chapters. 
 
3.2 Study region  
The Environment Agency’s Anglian region was selected as the study region due to long-term 
data availability and consistent hydrological and ecological records; records that have been 
compiled using data collected using consistent methodology and personnel over the majority of 
the record. A number of previous studies undertaken directly by the Environment Agency 
(Extence et al., 1999) and indirectly through funding (e.g. Monk, 2006; Dunbar et al., 2006; 
Dunbar and Mould, 2009) have used the Anglian region as the focus of their research. To 
provide an insight into the role that hydromorphology plays in determining instream 
macroinvertebrate community composition and structure a two-scale approach was employed. 
The first comprised a regional, macro-scale, investigation originally consisting of 127 candidate 
river sites spanning 37 river catchments within the Anglian Northern and Central Regions 
(Figure 3.1). The second was a smaller micro-scale investigation consisting of 3 candidate 
rivers, all of which were included in the larger macro-scale investigation, enabling a more 
detailed investigation of the within reach spatial and temporal variation of macroinvertebrate 
communities to be examined and explored. 
 
3.3 Macro-scale study 
3.3.1 Macro-scale site selection 
River flow (discharge m
3
s
-1
) and biological data (macroinvertebrate community data) from 127 
candidate sites originally considered for inclusion in the regional investigation were acquired 
from both the Environment Agency for England and Wales (EA) and the Centre for Ecology and 
Hydrology (CEH). After compiling a set of criteria that sites had to fulfil to be included in the 
analysis and employing a further series of data screenings, to remove sites with missing data or 
where the quality of data was thought to be poor (flow, ecological, River Habitat Survey (RHS)), 
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the original list of 127 candidate river sites (across 37 river catchments) was reduced to 88 river 
sites spanning 26 river catchments.   
The criteria for site selection were adapted from Dunbar et al. (2006) and are as follows: 
 
 Long term biological data (1986-2005), with the majority of macroinvertebrate 
identifications at species-level; 
 Flow series beginning in 1988 or earlier, with <10% per year missing data; 
 Biology (macroinvertebrate) sites that could be associated with flow gauging stations; 
 Biology (macroinvertebrate) sites within 2km of existing RHS sites or newly completed 
surveys. 
 
Not all river gauges, which had been paired with routinely monitored biological sites (BIOSYS 
sites), were part of the National River Flow archive (NRFA) database, meaning that their flow 
data series had to be inspected individually for gaps and to ensure data quality. The NRFA is 
mandated by UK government (Defra) and the devolved administrations of Northern Ireland, 
Scotland and Wales to maintain a comprehensive data retrieval service and provide information 
on water resources nationally. It is the UK’s focal point for hydrometric data, providing 
stewardship of, and access to, daily and monthly river flow data for some 1500 gauging stations 
nationally, data which underpins much of the hydrological research and water resources 
development and management activity in the UK (CEH, 2012). To assess whether the gauged 
flows were unrepresentative of the actual flows at either extremes of the flow regime (high 
flow/flood or low flow/drought), further screening was undertaken through communications with 
regional hydrometric experts from the EA, for both Anglian Northern and Anglian Central 
regions, John East and Paul Curtis, respectively. 
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Figure ‎3.1 Map showing the locations of the 88 Environment Agency BIOSYS sampling sites 
used in the macro-scale investigation within England and Wales. BIOSYS sites have been 
grouped according to their waterbody 
 
Waterbody 
     
Babingley Horncastle Canal North Brook 
Bain Ise Rase 
Cam Lark Sandhill / Branson 
Beck 
Chater  Little Ouse Scopwick Beck 
Cringle Brook Long Eau Waithe Beck 
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Glen Lymn Willow Brook 
Great Eau Nar Wissey 
Gwash Nene Witham 
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3.3.2 Macro-scale investigation data collection 
The macro-scale investigation utilized a large number of existing EA routine biomonitoring 
sample sites in order to address the research aims and objectives using existing data from EA 
BIOSYS (macroinvertebrate kick-sample records) and RHS databases. This relatively large 
scale approach adopted a similar approach to that of Monk (2006) in taking full advantage of the 
large volume of EA ecological and River Habitat Survey data along with historic gauged flow 
data from the National River Flow Archive (NRFA) held at the CEH.   
 
Whilst the secondary sourced data from the EA’s and the CEH’s databases was 
comprehensive, some sites did not currently have RHS data or had survey data from pre-1994, 
the original version of the survey, which did not meet the requirements of the current 
investigation protocol. In these instances additional surveys were undertaken between the 20
th
 
April 2010 and the 29
th
 April 2010 to complete the dataset (see section 3.4.5 for details of 
survey technique). 
 
3.4 Micro-scale study 
3.4.1 Micro-scale site selection 
The micro-scale investigation aimed to compliment the larger macro-scale investigation. The 
investigation protocol was created to examine whether stream order significantly modified the 
community response to the effects of flow, habitat quality and anthropogenic channel 
modification. As a result a range of stream orders (first-third) that were known to have been 
modified historically and categorized as having experienced a variable degree of ‘work’ 
(modification and management practices) carried out on them, were required. The three levels 
of ‘work’ were ‘none’, ‘maintained’ and ‘capital’, with stream reaches having experienced no 
modifications or management works being categorized as ‘none’, reaches that experienced 
bank vegetation removal and channel dredging as ‘maintained’ and those that had experienced 
land drainage, resectioning and channel realignment as ‘capital’ (Dunbar, pers comm.). Three 
candidate river catchments were originally considered for inclusion, the River Bain, River Lymn 
and Waithe Beck. However, this was later reduced to two catchments, the Bain and Lymn; 
because the Waithe Beck catchment did not offer the range and diversity of suitable sample 
sites required to adequately fulfil the investigation protocol. Using maps prepared by the CEH, 
highlighting stream reaches of different Ministry of Agriculture, Food and Fisheries (MAFF) 
‘works’ levels, an investigation protocol was designed and potential sample reaches were 
selected for preliminary examination. After a series of reconnaissance visits to potential sample 
sites, sixteen sites were selected (Figure 3.2). Three first order streams sites were selected 
spanning the three ‘works’ categories, three second order stream sites, spanning across the 
three ‘works’ categories and two main stem sites, one falling within the ‘maintained works’ 
category and one within the ‘capital works’ category, were selected within both the River Bain 
and River Lymn catchments. 
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Figure ‎3.2 Map showing the locations of the 15 micro-scale sample sites located within the 
River Bain and River Lymn catchments, Lincolnshire, UK 
 
3.4.2 Micro-scale investigation data collection 
The micro-scale investigation data were collected over three successive seasons, Autumn 
2008, Spring 2009 and Summer 2009. Sampling took place in spring and autumn to coincide 
with the EA’s routine invertebrate sampling programme, allowing for direct comparison with EA 
data, whilst the summer samples provided data coinciding with low/base flow conditions. 
3.4.3 Abiotic sampling protocol 
On arrival to each study site the river was assessed in order to identify the three sampling 
biotopes (riffle, run and pool). Prior to any invertebrate samples being collected abiotic values 
were measured and recorded. Flow velocity (ms
-1
) was recorded within each of the three 
biotopes that invertebrate samples were collected from. Triplicate velocity readings were taken 
at each allowing an average flow velocity to be calculated. The electromagnetic velocity probe 
(SENSA RC2 Water Velocity Meter) was placed at 0.4 depth of the total water depth and 
remained in situ until all readings have been taken (Gordon et al., 2004). The pH, conductivity 
(µs), temperature (°C) and dissolved oxygen (mg/l) content of the water were also measured at 
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each sample site with the use of digital meters (Hannah instruments). The pH meter used was a 
Hanna HI 98127, the conductivity meter was a Hanna HI 98311 and the dissolved oxygen meter 
was a Hanna HI 9142. Temperature was recorded simultaneously with pH and conductivity 
meters. The sensors on each of the meters were placed into the water at each site prior to 
taking a stabilized reading (Gordon et al., 2004).  
 
In addition to recording the water properties at each of the sample sites, a number of visual 
observations were made and noted with regards the channel and bank characteristics. Channel 
substratum and instream and bank vegetation, both cover and types were characterized, along 
with approximate coverage percentage values of both vegetation and substratum type 
(percentage cobble, gravel, sand and silt.). 
3.4.4 Biotic sampling protocol 
Macroinvertebrate sampling was undertaken at each of the 16 sites, with both quantitative 
Surber (1970) samples and semi-quantitative (3-minute) kick samples. Quantitative Surber 
samples were collected to enable between site spatial, temporal and density differences to be 
compared (Resh and McElravy, 1993). These were taken at all 1
st
 and 2
nd
 order stream study 
sites, with the exception of the Double Dyke site, due to the water depth being greater than 
0.5m. Surber samples were also not taken at the four main stream study sites due to water 
depth being greater than 0.5m. Three-minute kick samples were taken at each of the 16 sites 
following the EA’s protocol (Murray-Bligh, 2000), allowing direct comparisons to be made 
between these samples and those routinely collected by the EA. 
 
Surber samples were collected first, with sampling starting downstream and proceeding in an 
upstream direction, and within the three biotopes following the same downstream to upstream 
route, minimizing disturbance to unsampled sampling locations. The Surber sampler 
disturbance frame measured 0.3m x 0.3m providing an area of 0.09m
2
, the vertical frame had a 
net made from 900μm mesh attached, enabling organisms larger than 900μm to be captured.  
The sampler was placed firmly on the riverbed and the substrate that fell within the frame were 
disturbed for 30 seconds in order to cause the organisms to be entrained into the flow and 
captured within the net (Surber, 1970).  In addition to the Surber samples, a single three-minute 
kick sample was collected encompassing all three biotopes, starting at the most downstream 
and finishing at the most upstream, using a standard Freshwater Biological Association (FBA) 
pond net 900μm. The variation between samples was minimized by using the same operator to 
collect all of the ecological samples throughout all surveys (Furse et al., 1981; Cao et al., 2002). 
 
Samples were carefully transferred from the kick and Surber nets into separate, sealable plastic 
bags, which had been clearly labelled. Along with the sample a small amount of 4% 
formaldehyde was added to preserve the biotic sample. These samples were then placed into a 
plastic box and stored until sample sorting and identification took place in the laboratory at 
Loughborough University. 
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3.4.5 River Habitat Survey collection and processing 
RHS is a method that was created to broadly characterise and assess the physical structure of 
freshwater streams and rivers (Environment Agency, 2003) it is undertaken over a 500 metre 
reach of river. The data is recorded on a 4 page survey form (Appendix 1) aided with the use of 
an RHS key (Appendix 2). The survey contains 18 sections which range from information 
regarding the river valley to focused spot check sites (see Table 3.1 for full list). The spot 
checks require the surveyor to assess the river channel at 10 regular intervals, spaced 50 
metres apart. The physical attributes of the river channel, the banks and channel, are assessed 
over a 1 m wide transect, whilst the banktop land-use and both bank and in-channel vegetation 
is assessed over a 10 m wide transect. A sweep-up is carried out after the spot checks to 
assess land use, bank profiles and the extent of channel and bank features. 
 
River Habitat Surveys (RHS) were undertaken in order to gather hydromorphological data 
regarding the sample sites. Separate surveys were undertaken over a five day period at each of 
the 16 sites, attempting to make the 6
th
 spot check coincide with the ecological sample site, 
when possible. The surveys were undertaken following the RHS handbook guidelines with safe 
working practices being adhered to (Environment Agency, 2003). Following completion the 
survey results were entered separately into the RAPID 2.1 software, which was produced by the 
CEH (Davy-Bowker et al., 2008) enabling both Habitat Quality Assessment (HQA) and Habitat 
Modification Scores (HMS) and the 9 habitat quality and 9 habitat modification sub-scores to be 
generated. The RHS derived scores and sub scores and a description of each are outlined in 
Table 3.2. The completed forms, along with the required photos, outlined in the RHS guidelines, 
were sent to the Environment Agency’s RHS team to be entered into the national database for 
future reference. In order to collect accurate survey data the River Habitat Survey accreditation 
course was completed between 2
nd
 June and 5
th
 June 2008 at the Environment Agency Offices, 
Richard Fairclough House, Knutsford Road, Warrington, Cheshire. 
 
Table ‎3.1 River Habitat Survey Sections, adapted‎from‎the‎Environment‎Agency’s‎River‎
Habitat Survey Guidance Manual: 2003 version (Environment Agency, 2003) 
Section Description 
A Field survey details 
B Predominant valley form 
C Number of riffles, pools and point bars 
D Artificial features 
E Physical attributes 
F Banktop land-use and vegetation structure 
G Channel vegetation types 
H Land-use within 50m of banktop 
I Bank profiles 
J Extent of trees and associated features 
K Extent of channel and bank features 
L Channel dimensions 
M Features of special interest 
N Choked channel 
O Notable nuisance plant species 
P Overall characteristics 
Q Alders 
R Field survey quality control 
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Table ‎3.2 The RHS derived habitat quality and habitat modification scores and sub-
scores and their descriptions, adapted‎from‎the‎Environment‎Agency’s‎River‎Habitat‎
Survey Guidance Manual: 2003 version (Environment Agency, 2003) 
HABITAT QUALITY INDICES DESCRIPTION 
Habitat Quality Assessment score The sum of the HQA sub-scores 
Flow type The number of different flow types within the 
500m surveyed reach (e.g. smooth, rippled) 
Channel substrate The number of different substrates within the 
500m surveyed reach (e.g. sand, gravel) 
Channel features The number of different channel features 
within the 500m surveyed reach (e.g. mid-
channel bars) 
Bank features The number of different bank features within 
the 500m surveyed reach (e.g. eroding cliffs) 
Bank vegetation structure The bank vegetation structure within 5m of 
the banktop within the 500m surveyed reach 
(e.g. bare, uniform, complex) 
Instream channel vegetation The instream channel vegetation  within the 
500m surveyed reach (e.g. emergent, 
submerged, algae) 
Land-use The land-use  within 50m of the banktop, 
within the 500m surveyed reach (e.g. 
woodland, grassland, urban) 
Trees and associated features The extent of trees within the 500m surveyed 
reach (e.g. isolated, continuous) and 
associated features (e.g. shading of 
channels, overhanging boughs) 
Special features The extent of special features within the 
500m surveyed reach (e.g. braided channels, 
marshes, bogs) 
HABITAT MODIFICATION INDICES DESCRIPTION 
Habitat Modification Score The sum of the HM sub-scores 
Habitat Modification Class The HM score class (1-5) 
Culverts The number culverts within the 500m 
surveyed reach  
Reinforcement The extent of both bed and bank 
reinforcement within the 500m surveyed 
reach 
Resectioning The extent of both bed and bank resectioning 
within the 500m surveyed reach 
Bridges The number and magnitude of bridges within 
the 500m surveyed reach (e.g. minor, 
intermediate, major) 
Poaching The extent of bank poaching within the 500m 
surveyed reach 
Outfalls and deflectors The number and magnitude of outfalls and 
deflectors within the 500m surveyed reach 
(e.g. minor, intermediate, major) 
Weirs The number and magnitude of weirs within 
the 500m surveyed reach (e.g. minor, 
intermediate, major) 
Berms and Embankments The extent of berms and embankments along 
the 500m surveyed reach 
Fords The number and magnitude of fords within 
the 500m surveyed reach (e.g. minor, 
intermediate, major) 
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3.4.6 Macroinvertebrate sample sorting and identification 
Each macroinvertebrate sample was emptied out of its sealable plastic bag into a 250 µm sieve 
and washed to remove fine sediments and preservatives. The sample was then transferred into 
a white sorting tray and covered with enough water to fully submerge the sample in order to 
reduce the reflection of light and to also dilute any remaining preservative (Murray-Bligh, 2000).  
Specimens were extracted from the tray using a pair of soft nosed tweezers and placed into a 
sealable plastic sample tube containing 70% industrial mentholated spirit (IMS), for medium-
term preservation. Samples were then, in turn identified to species-level (where possible), with 
the exception of Baetidae, Oligocheata, Chironomidae, Ceratopogonidae and early limnephilid 
instars, which were left at family-level.  Fauna were identified using a range of lotic invertebrate 
taxonomic keys including; Holland, 1972; Macan, 1977; Elliot and Mann, 1979; Hynes, 1984; 
Elliot et al., 1988; Friday, 1988; Savage, 1989; Smith, 1989; Wallace et al., 1990; Edington and 
Hildrew, 1995; Elliot, 1996; Killeen et al., 2004. Identification was carried out under a Zeiss 
Stemi 1000 dissecting stereomicroscope with a Zeiss KL 200 light source. 
 
3.5 Hydrological indices calculation 
Based on previous research, in excess of 200 potentially ecologically relevant hydrological 
indices have been identified (Richter et al., 1996; Poff et al., 1997; Monk et al., 2006). A total of 
47 hydrological indices were calculated from raw flow data, obtained from both the EA and the 
CEH. Flow data series were obtained in a two column format with the first containing the date 
and the second the mean daily flow (m
3
s
-1
). Two sets of indices were calculated, the first using 
the Indicators of Hydrologic Alteration (IHA) program, version 7.1, obtained from The Nature 
Conservancy, USA (Richter et al., 1996) calculating 32 indices (Table 3.3) and the second using 
a series of macros recorded in Microsoft Excel, calculating 15 indices (Table 3.4). 
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Table ‎3.3 Indicators of Hydrological Alteration (Richter et al., 1996) 
IHA statistics group 
Regime 
characteristics 
Hydrological parameters 
 
Group 1: Magnitude of 
monthly water conditions 
 
Magnitude 
Timing 
 
Median value for each calendar month 
 
Group 2: Magnitude and 
duration of annual extreme 
water conditions 
 
Magnitude 
Duration 
 
Annual minima 1 day medians 
Annual maxima 1 day medians 
Annual minima 3 day medians 
Annual maxima 3 day medians 
Annual minima 7 day medians 
Annual maxima 7 day medians 
Annual minima 30 day medians 
Annual maxima 30 day medians 
Annual minima 90 day medians 
Annual maxima 90 day medians 
Base flow index 
 
Group 3: Timing of annual 
extreme water conditions  
 
Timing 
 
Julian date of each annual 1 day 
maximum 
Julian date of each annual 1 day 
minimum 
 
Group 4: Frequency and 
duration of high and low 
pulses 
 
Magnitude 
Frequency 
Duration 
 
No. of high pulses each year 
No. of low pulses each year 
Mean duration of high pulses within 
each year 
Mean duration of low pulses within each 
year 
 
Group 5: Rate and frequency 
of water condition changes 
 
Frequency 
Rate of change 
 
Means of all positive differences 
between consecutive daily means 
Means of all negative differences 
between consecutive daily values 
No. of reversals 
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Table ‎3.4 Hydrological indices calculated in Microsoft Excel 
 
3.6 Ecological indices calculation 
In addition to the raw macroinvertebrate data, a number of ecological indices were used. The 
primary ecological index used in the analysis was the Lotic-Invertebrate Flow Evaluation (LIFE) 
score (Extence et al., 1999). Extence et al. (1999) developed the Lotic-Invertebrate Index for 
Flow Evaluation (LIFE) method to link qualitative and semi-quantitative changes in riverine 
benthic macroinvertebrate communities to prevailing flow regimes. The technique was 
developed through the documented preferences of British benthic invertebrates to flow velocity, 
compiled from previous research and experienced freshwater ecologists knowledge. Taxa that 
have shown no definitive relationship, with regards abundance, to variations in flow velocity, 
such as Oligachaeta and Chironomidae were not included in the LIFE score method (Extence et 
al., 1999). LIFE scores are calculated by dividing the sum of the flow scores (fs) of all scoring 
taxon present in a sample, by the number of scoring taxon in that sample (Equation 3.1). Flow 
scores are obtained via the use of a matrix, (Table 3.5) using taxon abundance, categorized 
using the standard EA abundance categories (Table 3.6), and their associated flow group. 
 
These scores were generated during two visits to the Environment Agency offices, one to the 
Anglian Northern Area offices (Environment Agency, Stepping Stone Walk, Winfrey Avenue, 
Spalding, Lincs, PE11 1DA) and one to the Anglian Central Area offices (Environment Agency, 
Bromholme Lane, Brampton, Huntingdon, Cambs, PE28 4NE). Using the River Invertebrate 
Prediction and Classification System (RIVPACS) and the HydroEcological Validation tool (HEVI) 
software it was possible to obtain both the LIFE scores based on family-level taxonomic data 
and those based on species-level taxonomic data. In addition to the two raw LIFE scores, the 
Hydrological Index Description 
Mean 7-day prior season Mean discharge of the 7 days prior to the start of the season 
Mean 30-day prior season Mean discharge of the 30 days prior to the start of the season 
Mean 90-day prior season Mean discharge of the 90 days prior to the start of the season 
Mean 180-day prior season Mean discharge of the 180 days prior to the start of the season 
Max 7-day prior season Maximum discharge of the 7 days prior to the start of the season 
Max 30-day prior season Maximum discharge of the 30 days prior to the start of the season 
Max 90-day prior season Maximum discharge of the 90 days prior to the start of the season 
Max 180-day prior season Maximum discharge of the 180 days prior to the start of the season 
Min 7-day prior season Minimum discharge of the 7 days prior to the start of the season 
Min 30-day prior season Minimum discharge of the 30 days prior to the start of the season 
Min 90-day prior season Minimum discharge of the 90 days prior to the start of the season 
Min 180-day prior season Minimum discharge of the 180 days prior to the start of the season 
DWF Dry Weather Flow, lowest mean discharge for 7 consecutive days 
6-month Q10 High flows (the flow exceeded 10% of the time) 
6-month Q95 Low flows (the flow exceeded 95% of the time) 
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observed:expected (O:E) ratio for each of the 88 macro-scale investigation sites were also 
generated. The expected LIFE scores were generated by the RIVPACS and HEVI software 
using the supporting physical data (bank and bed information) collected at the time of biological 
sampling and its location along the river’s continuum. It was important to calculate and use the 
LIFE O:E ratio value, as opposed to simply using the  raw observed LIFE score values because 
the location of an ecological sample along the river continuum affects the LIFE score, thus the 
O:E ratio is a way of producing standardized values potentially allowing inter-site comparisons 
to be made; although in some instances location on the continuum may be an important driver. 
Taxonomic data and supporting physical data collected at the micro-scale sample sites were 
entered into the RIVPACS database. From this information both observed and expected LIFE 
scores, along with the O:E ratio, were calculated for all Autumn 2008, Spring 2009 and Summer 
2009 kick samples. 
 
 
LIFE score = 
∑  
 
 
Where; 
∑fs= the sum of all flow scores flow score 
n= the number of flow scores 
Equation ‎3.1 LIFE score equation 
 
Table ‎3.5 Flow scores (fs) for different abundance categories of taxa associated with flow 
groups I-VI, with mean current velocities (adapted from Extence et al., 1999) 
  
Flow Groups 
 Abundance Categories 
 Mean Current Velocity A B C D/E 
I Rapid Typically >100cm s
-1
 9 10 11 12 
II Moderate/fast Typically 20-100 cm s
-1
 8 9 10 11 
III Slow/sluggish Typically <20 cm s
-1
 7 7 7 7 
IV Flowing/standing - 6 5 4 3 
V Standing - 5 4 3 2 
VI Drought resistant - 4 3 2 1 
 
Table ‎3.6 Standard Environment Agency macroinvertebrate abundance categories 
Category Estimated Abundance 
A 1-9 
B 10-99 
C 100-999 
D 1000-9999 
E 10,000+ 
 
In addition to the raw LIFE scores and the observed:expected LIFE score ratios, Biological 
Monitoring Working Party (BMWP) scores (Chesters, 1980; Armitage et al., 1983, Hawkes, 
1998) and the Average Score Per Taxa (ASPT) scores (BMWP score divided by the number of 
scoring taxa) were also generated for their use within the subsequent analyses. The BMWP 
scoring system was originally designed to allow the water quality of rivers to be assessed by 
using the known tolerances to pollution displayed by macroinvertebrate families. The scale for 
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tolerance ranges from 1-10 with those families that are highly tolerant scoring 1 and those that a 
least tolerant scoring 10. Since its creation it has been used extensively in the field of riverine 
ecology in the UK and derivatives employed across the globe. 
 
3.7 Data management 
With over 500 years of flow data (20+ consecutive years of flow data from 26 gauges) efficient 
data management has been a high priority throughout the project. Efficient data management 
has been achieved by creating and using macros within Microsoft Excel, which allowed each 
flow series data file to be examined and treated independently, but in an identical manner.   
 
The macroinvertebrate data was obtained in two formats, with the raw sample taxonomic data 
being contained within a single Microsoft Access file and the ecological indices being contained 
within separate Microsoft Excel files (a separate file for each BIOSYS sample site). Using the 
filter options and the cross-tabulation techniques available in Microsoft Access the raw 
macroinvertebrate sample data were manipulated to produce two species lists (one for 
macroinvertebrate families and the other for species). These two lists were then split to produce 
a species list for the samples collected during the Autumn (1
st
 September-30
th
 November) and 
those collected during the Spring (1
st
 March-31
st
 May). The Microsoft Excel files containing the 
ecological indices were manually compiled to create two lists of indices, similar to the raw data, 
with one list for indices calculated from Spring samples and one for those calculated from 
Autumn samples. The ecological indices were then paired with the hydrological and 
geomorphological data required for analysis. 
 
The geomorphological indices, generated from the RHS data, obtained from the EA, were 
supplied within a single Microsoft Excel file. This data was compiled along with additional 
primarily sourced RHS data to produce a spreadsheet that contained geomorphological data for 
all of the 88 sample sites, allowing it to be paired with the hydrological and ecological data for 
analysis.   
 
3.8 Data analysis techniques 
A variety of data analysis techniques were employed to calculate indices, investigate 
relationships and identify patterns within and between hydrological, geomorphological and 
ecological data sets. The analysis techniques were chosen to specifically investigate the aims 
and objectives outlined in the thesis. The following section outlines the principal analysis 
methods employed in this thesis, with further details being provided within individual chapters, 
where appropriate. 
3.8.1 Analysis of Variance (ANOVA) 
One-way Analysis of variance (ANOVA) was undertaken in SPSS (SPSS Inc., 2001) to explore 
the differences between mean / average values of variables, which were able to be assigned to 
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separate groups / categories (e.g. season or level of anthropogenic impact). An extension of 
this technique was to undertake additional Tukey’s post-hoc tests, which highlight significant 
differences between specific groups / categories (e.g. the differences between samples from 
different rivers, collected during the same season). Where appropriate, significant variations 
between groups were graphically displayed with the use of error bar plots, prepared in SPSS 
(SPSS Inc., 2001). 
3.8.2‎Pearson’s‎correlation 
Bivariate correlation was undertaken using Pearson’s method in SPSS (SPSS Inc., 2001) to 
explore associations between parameters (e.g. an ecological index and habitat modification 
scores). Pearson’s correlation coefficients were also used to highlight cross-correlation and 
redundancy (multicollinearity) between variables to be used within Principal Components 
Analysis (Olden and Poff, 2003 and Monk et al., 2007). Highly correlated indices identified by 
significant correlations (p<0.05), but with a weaker relationships to the independent variable, 
were deemed redundant and subsequently removed from further analysis. Correlated variables 
were graphically displayed and inspected with the use of scatter plots prepared in SPSS (SPSS 
Inc., 2001).  
3.8.3 Principal Components Analysis (PCA) 
Principal Components Analysis (PCA) was undertaken in Canoco (ter Braak and Smilauer, 
1996) in order to explore statistical variation within sets of variables (e.g. the IHA indices). The 
aim was to highlight which of the variables, within a set of variables, were the principal drivers of 
statistical variability. In addition, new linear variables, generated from the original ones, 
explaining as much variation as possible, are created as part of this process (Fowler, et al., 
1998). These new variables were used in subsequent analyses with ecological indices, to 
explore hydro-ecological relationships. The PCA ordination plots, which graphically display the 
variation between and the significance of each of the variables within a set, were prepared in 
CANODRAW (ter Braak and Smilauer, 1996) and the solution files used to present data in 
Microsoft Excel. 
3.8.4 Detrended Correspondence Analysis (DCA) 
Detrended Correspondence Analysis (DCA) was undertaken in Canoco (ter Braak and 
Smilauer, 1996) in order to explore temporal and spatial patterns within the ecological 
communities. The DCA output can be used in a number of ways to investigate the temporal and 
spatial variation within a community. Ordination plots based on the variation between samples 
allow the differences between samples from different locations or from different years to be 
compared, with increasing distance between single points or groups of points showing 
dissimilarity between the groups of samples. The taxa (families or species) driving these 
patterns can also be plotted and indicator taxa identified. Ordination plots based on the variation 
between families / species allows the likelihood of a species being identified in the same sample 
as another species, with the increasing distance between species points showing dissimilarity 
and a reduced likelihood of the two species being identified within the same sample. The DCA 
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ordination plots were prepared in CANODRAW (ter Braak and Smilauer, 1996) and the solution 
files used to present data in Microsoft Excel. 
3.8.5 Canonical Correspondence Analysis (CCA) 
Canonical Correspondence Analysis (CCA) was undertaken in Canoco (ter Braak and Smilauer, 
1996) in order to explore how the environmental variables were related to the distribution of the 
species data. Within the CCA ordination plots the environmental variables are presented as a 
series of vectors (as in PCA) with their distribution within the plot highlighting which variables 
within a set of variables were the principal drivers and those that characterise the variability 
within the species data. The species data can also be presented on the CCA ordination plot, 
allowing the distribution of species, in relation to the environmental variables to be displayed. 
The CCA ordination plots were prepared in Canoco (ter Braak and Smilauer, 1996) and the 
solution files used to present data in Microsoft Excel.  
3.8.6 Stepwise multiple linear regression 
Stepwise multiple linear regression was undertaken in SPSS (SPSS Inc., 2001) to investigate 
the relationships between a series of geomorphological (RHS derived habitat modification and 
habitat quality indices) and abiotic (water chemistry and point flow velocity) predictor variables 
and the ecological indices. The method calculates the relative importance of each of the 
independent variables (geomorphological and abiotic indices) in determining the magnitude of a 
dependent variable (ecological index) to be estimated (van Emden, 2008). Firstly, the 
importance of each independent variable is calculated individually, and then progressively more 
independent variables are combined, until a final set of variables, which is best able to predict 
the dependent variable, is obtained.  
3.8.7 Partial Least Squares (PLS) regression 
Partial Least Squares (PLS) regression was undertaken using the R statistical package, version 
10.0 (R Development core team, 2009). This multivariate method is used to construct predictive 
models by exploring the variation in one (dependent) variable in relation to a set of 
(independent) variables (e.g. a model based on the variation of an ecological index score as a 
result of the variation within a range of hydrological indices). PLS outputs generate three 
percentages, R
2
x, which is the amount of variation explained within the independent variables. 
R
2
y, which is the amount of variation explained within the dependent variable and Q
2
y, which is 
the predictive capability of the model. A Q
2
y value of >9.7% can be classed as a predictive 
model, whereas a value of <9.7% is considered exploratory (Eriksson et al., 1995). In addition to 
these model percentages the relative importance of each independent variable is also quantified 
and presented graphically within VIP bar plots, prepared within Microsoft Excel.  Further details 
of PLS regression are discussed in Chapter 5.  
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3.9 Summary 
This chapter has outlined both the fieldwork protocols and the statistical analysis techniques 
that are to be employed within the subsequent chapters of this thesis. The methods and 
techniques explained within this chapter have been designed to specifically examine the aims 
and objectives of this thesis and to ultimately explore the roles of hydrology, geomorphology, 
both separately and in combination, in shaping the instream macroinvertebrate communities. 
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Chapter 4 Macro-scale hydroecological analysis 
4.1 Introduction 
Hydrological regimes vary both spatially and temporally and are determined naturally by a 
complex interaction of climate, geology and geomorphology (Potter, 1991; Arnell, 1992a, 1992b; 
Poff, 2002; Bower et al., 2004). However, anthropogenic management practices and 
modifications, such as flow regulation (Ward and Stanford, 1983), channelization, water 
abstractions (Castella et al., 1995) and catchment land use modification (Allan et al., 1997; 
Strayer et al., 2003; Townsend et al., 2003), can alter the natural regime. It is widely considered 
that river flow is a major factor in structuring instream communities (Ward and Stanford, 1979; 
Hynes, 1970; Precht et al., 1973; Wieser, 1973; Moore et al., 1997; Poff et al., 1997; Bunn and 
Arthington 2002; Durance and Ormerod, 2007) and in the absence of other confounding factors, 
such as pollution, differences between flow regimes can be associated with distinct ecological 
communities (e.g. Statzner and Higler, 1986; Richter, et al., 1996; Poff et al., 1997; Gibbins et 
al., 2001; Naiman et al., 2002; Wood and Armitage, 2004, Monk et al., 2006). However, it can 
be hard to separate out ecological differences caused by flow regime and differences 
associated with other hydroclimatological and physiographic factors (e.g. temperature, geology) 
which tend to be correlated (Dunbar et al., 2010b). 
 
In order to be able to explore the relationships between the aquatic ecosystem / community or 
population of a river and its hydromorphology, it is important to understand both the hydrological 
and the ecological processes that occur instream and within the wider catchment (Wood et al., 
2001; Hannah et al., 2007). River regimes vary spatially and temporally making it necessary to 
examine hydrological data for trends and patterns geographically / regionally over time. In this 
chapter the flow regimes of 28 flow gauges, located in the Anglian Northern and Central regions 
of the UK, were examined. To examine the regional variability of river flow regimes over a 20-
year period a total of 47 hydrological indices, reported to be ecologically relevant within previous 
research (e.g. Richter et al., 1996; Poff et al., 1997; Monk et al., 2006), were derived from daily 
mean flow gauge data. These indices were used in Principal Components Analysis (PCA) to 
identify those that were the most influential (highly loaded on PCA axes) in characterising the 
flow regimes. The bi-annual (Spring and Autumn) macroinvertebrate samples of 88 
Environment Agency monitored BIOSYS sites collected over a twenty year period (1986-2005), 
in both raw form and as a series of ecological indices (BMWP, ASPT and LIFE scores), derived 
from the raw data, were used to investigate both the spatial and temporal variation in 
community composition. The spatial and temporal variations within the community composition 
of the 88 Environment Agency monitored BIOSYS sites were examined using Detrended 
Correspondence Analysis (DCA). The research and results presented in this chapter provide a 
detailed regional scale examination of the hydrological and ecological data sets that are used in 
subsequent chapters within this thesis.  
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4.2 Chapter aims and objectives 
This chapter is sub-divided into two sections; the first addresses thesis aim 1 (Chapter 1, 
section 1.2) by exploring the flow gauge records of 28 separate Environment Agency flow 
gauges over a twenty year period (1
st
 September 1985 - 31
st
 August 2005) from within the 
Anglian Northern and Central regions. These flow gauge records were used in a series of 
analyses to explore spatial and temporal trends within the regional river flow regime record. The 
objectives of the first section are: 
 
 To explore the spatial and temporal variation in the hydrological data from each of the 
28 flow gauges included in the macro-scale study; 
 
 To explore the level of redundancy in a suite of candidate hydrological indices 
characterising the flow regimes of the 28 gauging stations; 
 
 To combine the most highly influential and descriptive hydrological indices to create 
new indices (PCA axis scores) that can be used in the analysis of hydrological, 
geomorphological and ecological data. 
 
The second section addresses thesis aims 2 and 3 (Chapter 1, section 1.2) by exploring the 
spatial and temporal trends within the macroinvertebrate kick-sample records from 88 
Environment Agency BIOSYS sites collected over a twenty year period (1986-2005) from within 
the Anglian Northern and Central regions. Subsequently, the hydroecological relationships 
between the long-term hydrological data and the long-term ecological indices are explored. The 
objectives of this section are: 
 
 To explore the spatial and temporal variation in the ecological data from each of the 88 
macroinvertebrate sample sites included in the macro-scale study; 
 
 To explore how the taxonomic resolution (family-level and species-level) of the 
macroinvertebrate data potentially influences the spatial and temporal patterns; 
 
 To explore how the spatial and temporal variation in regional river flow regime 
influences the macroinvertebrate communities recorded. 
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4.3 Methodology 
4.3.1 Study region 
The Environment Agency’s Anglian Northern and Central regions formed the study region due 
to the availability of long-term records of paired river discharge and both family-level and 
species-level ecological (macroinvertebrate) data series. Several previous studies, undertaken 
directly by the Environment Agency (Extence et al., 1999) and indirectly through funding (e.g. 
Monk, 2006; Dunbar et al., 2006), have used Anglian region data due to the availability of 
macroinvertebrate community data resolved to species level in many instances. 
4.3.2 Study site selection 
River flow data from 39 Environment Agency gauging stations from within the Anglian Northern 
and Central regions paired with 127 Environment Agency biomonitoring (BIOSYS) sites were 
initially considered for inclusion in this study. After applying selection criteria that sites had to 
meet for their inclusion in the final eco-hydromorphological analysis, and employing a further 
series of data screenings (see Chapter 3, section 3.3.1 for full details of data selection), all sites 
with significant gaps in the flow series (10% within any single year) or quality issues were 
removed. The original list of 127 candidate river sites was reduced to the final set of 88 
Environment Agency BIOSYS sites (see Appendix 3 for list of the 88 Environment Agency 
BIOSYS sites) spanning 26 river catchments utilizing the gauge/discharge data from 28 
Environment Agency stations (Figure 4.1 and Figure 4.2). The river flow data from these 28 
Environment Agency gauging stations were used as the basis of the analysis presented within 
this chapter (Figure 4.2 and Table 4.1).   
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Figure  4.1 Map showing the locations of the 88 Environment Agency BIOSYS sampling sites 
used in the macro-scale investigation within England and Wales. BIOSYS sites have been 
grouped according to their waterbody 
 
Waterbody 
     
Babingley Horncastle Canal North Brook 
Bain Ise Rase 
Cam Lark Sandhill / Branson 
Beck 
Chater  Little Ouse Scopwick Beck 
Cringle Brook Long Eau Waithe Beck 
Foston Beck Lud Welland 
Glen Lymn Willow Brook 
Great Eau Nar Wissey 
Gwash Nene Witham 
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Figure ‎4.2 Map showing locations of the 28 Environment Agency gauging stations used in the 
macro-scale investigation within England and Wales 
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River name and EA gauge number 
1. Waithe Beck- 29001  11. Foston Beck- 30031  21. Willow Brook- 32002 
2. Rase- 29005   12. Cringle Brook- 30015  22. Welland- 31021 
3. Lud- 29003   13. Witham- 30017   23. Little Ouse- 33011 
4. Long Eau- 29014   14. Babingley- 33054  24. Ise- 32004 
5. Bain- 30011   15. Glen- 31002   25. Lark- 33014 
6. Great Eau- 29002  16. North Brook- 31016  26. Nene- 32008 
7. Scopwick Beck- 30013  17. Nar- 33007   27. Nene- 32006 
8. Lymn- 30004   18. Gwash- 31025   28. Cam- 33051 
9. Horncastle Canal- 30003  19. Charter- 31010 
10. Witham- 30001   20. Wissey- 33006 
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Table ‎4.1 Details of the Environment Agency gauges used in the macro-scale investigation 
River Gauge Number Gauge national grid reference NRFA gauge 
Predominant 
geology 
Anglian Region Duration of flow data 
Babingley 33054 TF6760025700 No 
Sandringham 
sands 
Central 01/09/1985-31/08/2005 
Bain 30011 TF2470079500 Yes Chalk/Clay Northern 01/09/1985-31/08/2005 
Cam 33051 TL4960042200 No Chalk Central 01/09/1985-31/08/2005 
Chater 31010 SK9560002800 Yes Clay Northern 01/09/1985-31/08/2005 
Cringle Brook 30015 SK9220030400 Yes Limestone Northern 01/09/1985-31/08/2005 
Foston Beck 30031 SK8770041700 No Clay Northern 01/09/1987-31/08/2005 
Glen 31002 TF1050015300 Yes Limestone Northern 01/09/1985-31/08/2005 
Great Eau 29002 SK4120079500 Yes Chalk Northern 01/09/1985-31/08/2005 
Gwash 31025 SK8750005000 Yes Clay Northern 01/09/1985-31/08/2005 
Horncastle Canal 30003 TF2420061800 Yes Chalk/Clay Northern 01/09/1985-31/08/2005 
Ise 32004 SP9010072100 Yes Clay Northern 01/09/1985-31/08/2005 
Lark 33014 TL7510073400 No Chalk Central 01/09/1985-31/08/2005 
Little Ouse 33011 TL8930080000 No Chalk/Clay Central 01/09/1985-31/08/2005 
Long Eau 29014 TF4010085400 No Clay Northern 01/09/1985-31/08/2005 
Lud 29003 TF3360087800 Yes Chalk Northern 01/09/1985-31/08/2005 
Lymn 30004 TF3950067400 Yes Sandstone/Chalk Central 01/09/1985-31/08/2005 
Nar 33007 TF7270011800 No Chalk/Gault Central 01/09/1985-31/08/2005 
Nene 32006 SP7180058900 No Clay Northern 01/09/1985-31/08/2005 
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Nene 32008 SP6210060400 No Clay Northern 01/09/1985-31/08/2005 
North Brook 31016 SK9530008700 Yes Limestone Northern 01/09/1985-31/08/2005 
Rase 29005 TF0398009200 Yes Chalk Northern 01/09/1985-31/08/2005 
Branston & Scopwick 
Beck 
30013 TF0420070500 Yes Limestone Northern 01/09/1985-31/08/2005 
Upper Witham 30001 TL8390048100 Yes Clay/Limestone Northern 01/09/1985-31/08/2005 
Upper Witham 30017 TL9250024900 Yes Clay/Limestone Northern 01/09/1985-31/08/2005 
Waithe Beck 29001 SK2500001300 Yes Chalk Northern 01/09/1985-31/08/2005 
Welland 31021 SK8220091800 No Clay Northern 01/09/1985-31/08/2005 
Willow Brook 32002 TL0670093500 Yes Clay Northern 01/09/1985-31/08/2005 
Wissey 33006 SP8220091800 No Clay Central 01/09/1985-31/08/2005 
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4.3.3 Data preparation and analysis 
Hydrological 
The raw flow series for each gauge was used to calculate two separate sets of indices (a total of 
47) to be used within PCA analysis and subsequent chapters. The first set comprised the 
Indicators of Hydrological Alteration (IHA) indices, calculated using the Nature Conservancy’s 
IHA software (version 7.1; Richter et al., 1996; Table 4.2). The IHA variables represent a set of 
32 hydrological indices proposed as being ecologically relevant (Richter et al., 1996). The 
second set of hydrological indices, which have been found to be ecologically relevant in 
previous research undertaken on UK rivers (Table 4.3; Extence et al., 1999; Wood et al., 2000, 
2001; Monk et al,. 2006) were calculated using a series of macros developed in Microsoft Excel. 
 
Data standardization was undertaken to remove the influence of ‘river size’, meaning the 
differences between river discharges, as a function of catchment size, where removed, allowing 
direct comparisons between gauges to be made. Data standardization was achieved by deriving 
z-scores for each of the raw indices values, a method employed by Monk (2006) for similar 
purposes. The method used to generate these standardized values required both the mean and 
standard deviation of each index for each gauge to be calculated. These values were then 
entered into the equation (Equation 4.1) where the population mean (μ) was subtracted from the 
raw values (X), and then divided by the population standard deviation (σ) to generate the z-
scores.  
 
 
z-score = 
   
 
 
Where; 
X = raw value 
μ = population mean 
σ = population standard deviation 
Equation ‎4.1- Standard z-score equation 
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Table ‎4.2 Indicators of Hydrological Alteration 
IHA statistics group 
Regime 
characteristics 
Hydrological parameters 
 
Group 1: Magnitude of 
monthly water conditions 
 
Magnitude 
Timing 
 
Median value for each calendar month 
(12 variables) 
 
Group 2: Magnitude and 
duration of annual extreme 
water conditions 
 
Magnitude 
Duration 
 
Annual minima 1 day medians 
Annual maxima 1 day medians 
Annual minima 3 day medians 
Annual maxima 3 day medians 
Annual minima 7 day medians 
Annual maxima 7 day medians 
Annual minima 30 day medians 
Annual maxima 30 day medians 
Annual minima 90 day medians 
Annual maxima 90 day medians 
Base flow index 
 
Group 3: Timing of annual 
extreme water conditions  
 
Timing 
 
Julian date of each annual 1 day 
maximum 
Julian date of each annual 1 day 
minimum 
 
Group 4: Frequency and 
duration of high and low 
pulses 
 
Magnitude 
Frequency 
Duration 
 
No. of high pulses each year 
No. of low pulses each year 
Mean duration of high pulses within 
each year 
Mean duration of low pulses within each 
year 
 
Group 5: Rate and frequency 
of water condition changes 
 
Frequency 
Rate of change 
 
Means of all positive differences 
between consecutive daily means 
Means of all negative differences 
between consecutive daily values 
No. of reversals 
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Table ‎4.3 Hydrological indices calculated in Microsoft Excel 
 
The index calculation process was undertaken for two sets of analyses, first to generate 
hydrological indices to pair with Autumn ecological samples and second to generate 
hydrological indices to pair with Spring ecological samples. The Autumn indices were calculated 
with the hydrological year beginning on September 1
st
 and ending on August 31
st
 the following 
year (e.g. the hydrological indices calculated from the flow data from September 1
st
 1990 - 
August 31
st
 1991 would be paired with ecological samples collected during Autumn (September, 
October, November) 1991). The Spring indices were calculated with the hydrological year 
beginning on March 1
st
 and ending on February 28th/29th the following year (e.g. the 
hydrological indices calculated from the flow data from March 1
st
 1990 - February 28
st
 1991 
would be paired with ecological samples collected during Spring (March, April, May) 1991). The 
additional set of hydrological indices, calculated using macros in Microsoft Excel, used the first 
day of the sample period as the day that the indices were calculated from (e.g. the mean flow 7-
days prior to Autumn (September 1
st
) would be the mean flow experienced between August 
25
th
-August 31
st
). 
 
Ecological 
The raw ecological data were processed using two methods to generate the desired data 
series. The first was undertaken to calculate three LIFE score metrics: (i) family-level LIFE 
score; (ii) species-level LIFE score; and (iii) expected LIFE score (based on RIVPACS 
predictions). The three LIFE score index variants were obtained during visits to the Environment 
Agency offices for the Anglian Northern and Central regions. Using the River Invertebrate 
Prediction and Classification System (RIVPACS) and the HydroEcological Validation (HEV) tool 
software it was possible to obtain the observed LIFE scores (family-level and species-level) and 
Hydrological Index Description 
Mean 7-day prior season Mean discharge of the 7 days prior to the start of the season 
Mean 30-day prior season Mean discharge of the 30 days prior to the start of the season 
Mean 90-day prior season Mean discharge of the 90 days prior to the start of the season 
Mean 180-day prior season Mean discharge of the 180 days prior to the start of the season 
Max 7-day prior season Maximum discharge of the 7 days prior to the start of the season 
Max 30-day prior season Maximum discharge of the 30 days prior to the start of the season 
Max 90-day prior season Maximum discharge of the 90 days prior to the start of the season 
Max 180-day prior season Maximum discharge of the 180 days prior to the start of the season 
Min 7-day prior season Minimum discharge of the 7 days prior to the start of the season 
Min 30-day prior season Minimum discharge of the 30 days prior to the start of the season 
Min 90-day prior season Minimum discharge of the 90 days prior to the start of the season 
Min 180-day prior season Minimum discharge of the 180 days prior to the start of the season 
DWF Dry Weather Flow, lowest mean discharge for 7 consecutive days 
6-month Q10 High flows (the flow exceeded 10% of the time) 
6-month Q95 Low flows (the flow exceeded 95% of the time) 
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expected LIFE scores. In addition to these three variants, the LIFE observed:expected (LIFE 
O:E) ratio was calculated for each sample for each of the 88 macro-scale investigation sites. 
LIFE O:E ratios were generated to provide a standardized ecological index by removing 
potentially confounding factors, such as the location of the site along the river continuum and 
the physical parameters of the sample site (substrate composition, vegetation, channel width, 
etc.) from the analysis. These were used along with the raw LIFE scores to assess their use 
within the analysis. 
 
The second approach manipulated the raw taxonomic data to create both family-level and 
species-level taxonomic lists to allow detailed analysis of the macroinvertebrate communities 
and their structures. The raw taxonomic lists derived through the collection of kick-samples 
were obtained from the Environment Agency’s BIOSYS database. Microsoft Access was used 
to augment/generate consistently formatted taxonomic lists, both to family-level and species-
level taxonomic resolution. Firstly, both floral and non-macroinvertebrate faunal taxon 
(predominantly fish) that were not required for the generation of LIFE scores were removed. 
The taxonomic lists for samples collected during Autumn (1
st
 September-30
th
 November) and 
Spring (1
st
 March-31
st
 May) were then filtered from the complete database of samples to 
generate two smaller databases (Autumn samples and Spring samples). 
4.3.4 Analytical techniques 
Hydrological 
A number of analytical techniques were employed to examine the hydrological data with the 
objective of identifying trends and patterns within and between the flow data of the 28 gauges. 
Long-term hydrographs (1
st
 September 1986 – 31
st
 August 2005) were produced for all the flow 
gauge records within Microsoft Excel allowing the trends and general pattern of the flow regime 
to be assessed and compared. Principal Components Analysis (PCA) was used to investigate 
correlations between the hydrological indices and the extent to which a smaller set of indices 
could describe the major patterns of variation within the original dataset (see Chapter 3 for 
detailed description of PCA). A series of PCAs were undertaken incorporating a progressively 
reduced number of indices. Cross correlation and redundancy (multicollinearity) techniques 
similar to those employed by Olden and Poff (2003) and Monk et al. (2007) were used to 
highlight and remove redundant indices following exploration of cross correlations (Pearson’s 
method). Highly correlated indices (vectors running along the same axis), identified by 
significant correlation values (p<0.05) and those significantly correlated to one or more other 
indices, but with a lower axis loading (shorter arrow length) were considered redundant and 
subsequently removed from further analyses. The resultant list was reduced to just 6 variables. 
 
Ecological 
Examination of the ecological data was undertaken using a number of analytical techniques, 
with the objective of identifying trends and patterns within and between the ecological data of 
the 88 sample sites. Detrended Correspondence Analysis (DCA) was undertaken using both the 
Autumn and Spring taxonomic databases for both family-level and species-level data to 
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specifically investigate the spatial and temporal variations between the sample sites (see 
Chapter 3 for detailed description of DCA). The taxon plots produced from the DCAs were also 
used to explore the patterns in the distribution of different macroinvertebrate families and 
species. Error bar plots were produced to illustrate the variation in the calculated ecological 
indices over the study period (1986-2005). These plots were then combined with the mean long-
term hydrographs for the 28 Environment Agency flow gauges covering the same temporal 
duration (1986-2005), allowing patterns and trends between river discharge and the ecological 
indices to be investigated.   
 
4.4 Hydrological analysis results 
The results presented in the following section are divided into two subsections. The first 
summarizes a selection of hydrographs produced using the data from the 28 flow gauges over 
the twenty year study period (1986-2005). The second section explores the flow gauge data in 
greater detail by exploring and highlighting which of the hydrological indices were the most 
statistically significant in characterizing the flow regimes of the rivers. 
4.4.1 Flow regimes 
Two hydrographs were produced using the data from each of the 28 flow gauges. The first 
series of hydrographs were long-term hydrographs spanning the entire study period (1986-
2005) allowing both temporal and seasonal variations and patterns to be observed and 
highlighted (Figure 4.3). The second series of hydrographs displayed the long-term annual 
mean flow using the same twenty years of flow data (1986-2005) allowing the annual / seasonal 
patterns to be observed (Figure 4.4).  
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Figure ‎4.3 Long-term (1986-2005) hydrographs for (a) Environment Agency gauge 33054, 
located on the Babingley River, and (b) Environment Agency gauge 33011, located of the Little 
Ouse River 
 
The long-term (1986-2005) hydrographs presented in Figure 4.3 are examples of two varying 
long-term hydrographs observed among the 28 flow gauges. Clear annual patterns can be seen 
within both examples, with lower flows being experienced during the summer months and 
higher flows during the winter months. The long-term nature of these hydrographs highlights low 
flow, drought years and the high flow, flood years. Periods of extended low flow can be seen 
from summer 1989-1992 and summer 1995-1997 with both periods coinciding with national 
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droughts (Cross et al., 1995; Marsh, 1996; Hannaford and Marsh, 2006). Periods of extreme 
high flows are apparent between 1987 and early/Spring 1988 and again between 2000 and 
2003 (Hannaford and Marsh, 2006, 2008). Whilst both hydrographs present the same annual 
patterns and highlight periods of extreme flows, the way in which the water enters the river 
channel is different and this is reflected in the hydrograph pattern. Figure 4.3a is the hydrograph 
of the Babingley River, an example of a hydrograph that is highly dependent upon the buffering 
of groundwater, identifiable from its consistent flow with relatively small fluctuations. Figure 4.3b 
is the hydrograph of the Little Ouse River, an example of a surface water- or runoff-dominated 
river, identifiable from its large flow peaks and rapid rises and high intra-annual fluctuations in 
flow. The mean flows during the 20-year period (1986-2005) for the Babingley River and the 
Little Ouse River were 0.482 m
3
s
-1
 (SD = 0.266 m
3
s
-1
) and 0.466 m
3
s
-1
 (SD = 0.565 m
3
s
-1
), 
respectively, confirming that the Babingley River is subject to less flashy, more stable flows 
compared to that of the Little Ouse River. 
 
 
Figure ‎4.4 Annual mean hydrographs for Environment Agency gauges 33054 located on the 
Babingley River (black line) and gauge 33011 located on the Little Ouse (grey line). Note, Julian 
day 1= 1st January 
 
The long-term mean (1986-2005) hydrographs for both the Babingley River and the Little Ouse 
River (Figure 4.4) are presented as examples of the two contrasting flow regimes types that 
feature in this study. Whilst both hydrographs display a similar general pattern, high flows during 
the winter months and low flows during the summer months, the Babingley River’s hydrograph 
(black line) is a classic example of a groundwater-dominated stream, identifiable from its 
relatively ‘smooth’ appearance.  The Little Ouse River’s hydrograph (grey line), however, is an 
example of a surface water-dominated stream identifiable by the more variable, ‘flashy’ 
appearance.  
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4.4.2 Hydrological indices 
The calculation of the hydrological indices from the raw flow gauge data provided the 
opportunity to explore the flow regimes of the 28 rivers in greater detail. With the use of 
Principal Components Analysis (PCA) and correlation analysis the potential significance of each 
hydrological index was examined. 
 
Principal Components Analysis (PCA) 
Principal Components Analysis (PCA) was undertaken in Canoco (ter Braak and Smilauer, 
1996) in order to explore the hydrological regimes of the 28 macro-scale study gauges over the 
20 year period (1986-2005). A series of three PCAs were undertaken using both Autumn and 
Spring indices separately: (1) contained all of the calculated variables; (2) contained only the 32 
IHA indices; and (3) contained a reduced subset of six indices (see Table 4.4 for a breakdown 
of which hydrological indices were included in each PCA along with their abbreviations). The 
techniques outlined in section 4.3.4 were employed to remove redundant indices, reducing the 
number of indices that were included in subsequent PCAs. Bivariate correlation analysis 
(Pearson’s method) was undertaken in SPSS to highlight the most highly correlated and, 
therefore, redundant indices. The PCA axes values / scores (axes 1 and 2) were then examined 
to highlight which of the indices were most heavily loaded on individual axes, making sure that 
both the negative and positive ends of both axes were represented where possible. The indices 
that were selected for their inclusion in each of the 3 PCAs and their axes values are listed in 
Table 4.4. 
 
Table ‎4.4 Breakdown of the Hydrological Indices sets (HI) used in the PCAs 
Hydrological index Abbreviation HI set 1 HI set 2 HI set 3 
September median Sep  
 
October median Oct  
 
November median Nov  
 
December median Dec  
 
January median Jan  
 
February median Feb  
 
March median Mar  
 
April median Apr  
 
May median May  
 
June median Jun  
 
July median Jul  
 
August median Aug  
 
1-day min 1min  
 
3-day min 3min  
 
7-day min 7min   
30-day min 30min  
 
90-day min 90min  
 
1-day max 1max  
 
3-day max 3max  
 
7-day max 7max   
30-day max 30max  
 
90-day max 90max  
 
Base flow BF   
Date min flow Dmin  
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Date max flow Dmax  
 
Low pulse occurrences LP#  
 
Low pulse duration LPD   
High pulse occurrences HP#  
 
High pulse duration HPD  
 
Rise rate RR   
Fall rate FR   
Reversals Rev  
 
Mean 7-day prior season Mean7 
  
Mean 30-day prior season Mean30 
  
Mean 90-day prior season Mean90 
  
Mean 180-day prior season Mean 180 
  
Max 7-day prior season Max7 
  
Max 30-day prior season Max30 
  
Max 90-day prior season Max90 
  
Max 180-day prior season Max180 
  
Min 7-day prior season Min7 
  
Min 30-day prior season Min30 
  
Min 90-day prior season Min90 
  
Min 180-day prior season Min180 
  
DWF DWF 
  
6-month Q10 Q10 
  
6-month Q95 Q95 
  
 
The principal / main factors structuring the flow regimes were identified by examining the first 
two axes of the PCA outputs for both the samples and the hydrological indices. The first two 
PCA axes scores for the three hydrological indices sets and presented in Table 4.5. The indices 
plots are presented first, with the ordination plots from the first two Autumn PCAs (HI sets 1 and 
2) being displayed to illustrate the loadings of each of the hydrological indices and the 
similarities and differences between them (Figures 4.5 and 4.6). The PCA ordination plots for 
both Autumn and Spring indices (HI set 3) are presented (Figures 4.7 and 4.8). 
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Figure ‎4.5 PCA ordination plot of Hydrological Indices (set 1) calculated using September 1
st
 
(Autumn) as the first day of the hydrological year 
 
Figure ‎4.6 PCA ordination plot of Hydrological Indices (set 2) calculated using September 1
st
 
(Autumn) as the first day of the hydrological year 
 
The PCA for the Autumn Hydrological Indices sets 1 and 2 accounted for a similar level of the 
total variance within the hydrological indices with 69.8% and 70.4% explained by the first 4 
axes, respectively (Table 4.6). PCA ordination plots (Figures 4.5 and 4.6) display the 
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hydrological indices from sets 1 and 2 highlighting the most significant variables and those that 
are most similar and different to one another. The plots appear structurally similar to each other 
with the same 5 indices appearing on the negative end of axis 1 (Base Flow, Reversals, Fall 
Rate, Low Pulse Occurrences and Low Pulse Duration). The additional 15 variables presented 
in the plot of the Hydrological Indices (set 1) all appear on the positive side of axis 1 with none 
of the additional variables being more heavily loaded on the axis than any of those from the 
Hydrological Indices (set 2). The third PCA calculated using the reduced set of six variables 
accounted for 95.2% of the total variance recorded within the hydrological dataset (Figure 4.7). 
 
 
Table ‎4.5 PCA axes 1 and 2 values for the hydrological indices (Autumn data) included in 
each of the three Hydrological Indices sets 
HI set1   HI set2   HI set3   
Index Axis 1 Axis 2 Index Axis 1 Axis 2 Index Axis 1 Axis 2 
September 
median 
0.574 -0.266 
September 
median 
0.600 -0.192 7-day min 0.693 -0.561 
October 
median 
0.607 -0.339 
October 
median 
0.657 -0.100 
7-day 
max 
0.808 0.286 
November 
median 
0.739 -0.366 
November 
median 
0.802 0.109 Base flow -0.442 -0.801 
December 
median 
0.747 -0.434 
December 
median 
0.826 0.262 
Low pulse 
duration 
-0.403 0.615 
January 
median 
0.712 -0.370 
January 
median 
0.780 0.337 Rise Rate 0.888 0.044 
February 
median 
0.632 -0.358 
February 
median 
0.690 0.340 Fall rate -0.937 -0.025 
March 
median 
0.740 -0.283 
March 
median 
0.779 0.104    
April median 0.766 -0.017 April median 0.757 -0.115    
May median 0.833 0.097 May median 0.804 -0.203    
June median 0.810 0.170 June median 0.766 -0.227    
July median 0.729 0.278 July median 0.668 -0.273    
August 
median 
0.571 0.587 
August 
median 
0.460 -0.276    
1-day min 0.821 0.125 1-day min 0.776 -0.540    
3-day min 0.831 0.119 3-day min 0.786 -0.545    
7-day min 0.829 0.106 7-day min 0.787 -0.546    
30-day min 0.857 0.058 30-day min 0.825 -0.475    
90-day min 0.875 0.061 90-day min 0.849 -0.304    
1-day max 0.758 -0.200 1-day max 0.785 0.292    
3-day max 0.769 -0.260 3-day max 0.806 0.330    
7-day max 0.771 -0.353 7-day max 0.825 0.374    
30-day max 0.806 -0.439 30-day max 0.878 0.384    
90-day max 0.822 -0.457 90-day max 0.898 0.360    
Base flow -0.270 0.487 Base flow -0.370 -0.796    
Date min 
flow 
0.162 0.326 
Date min 
flow 
0.114 -0.012    
Date max 
flow 
0.133 0.006 
Date max 
flow 
0.133 -0.082    
Low pulse 
occurrences 
-0.645 0.150 
Low pulse 
occurrences 
-0.660 -0.113    
Low pulse 
duration 
-0.358 -0.206 
Low pulse 
duration 
-0.319 0.414    
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High pulse 
occurrences 
0.486 0.286 
High pulse 
occurrences 
0.431 -0.192    
High pulse 
duration 
0.265 -0.204 
High pulse 
duration 
0.291 0.097    
Rise_rate 0.788 -0.166 Rise_rate 0.811 0.058    
Fall_rate -0.853 0.146 Fall_rate -0.872 -0.051    
Reversals -0.219 0.096 Reversals -0.237 -0.067    
Mean 7-day 
prior season 
0.379 0.751       
Mean 30-day 
prior season 
0.509 0.680       
Mean 90-day 
prior season 
0.742 0.471       
Mean 180-
day prior 
season 
0.865 0.186       
Max 7-day 
prior season 
0.325 0.709       
Max 30-day 
prior season 
0.313 0.691       
Max 90-day 
prior season 
0.525 0.476       
Max 180-day 
prior season 
0.666 0.209       
Min 7-day 
prior season 
0.488 0.708       
Min 30-day 
prior season 
0.800 0.420       
Min 90-day 
prior season 
0.849 0.381       
Min 180-day 
prior season 
0.822 0.358       
DWF 0.675 0.142       
6-month Q10 0.580 -0.091       
6-month Q95 0.599 -0.058       
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Figure ‎4.7 PCA ordination plot of Hydrological Indices (set 3) calculated using September 1
st
 
(Autumn) as the first day of the hydrological year 
 
 
Figure ‎4.8 PCA ordination plot of Hydrological Indices (set 3) calculated using March 1
st
 
(Spring) as the first day of the hydrological year 
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A very similar pattern was observed when PCAs were undertaken using the Spring hydrological 
indices as with when the Autumn hydrological indices were used. PCAs of Hydrological Indices 
set 1 and 2 accounted for 72.2% and 72.5% of the total variance, respectively (Table 4.6). The 
same six indices were used in the PCA of the HI set 3, which explained a total of 94.9% of the 
variance within the dataset (Figure 4.8). A summary of the variance explained by the first four 
axes of each of the PCAs are presented in Table 4.6. 
 
Table ‎4.6 Summary of the percentages of variance cumulatively explained by each of the 
first four axes and their eigenvalues, for each of the six PCAs 
Season/HI set 
(no. of indices) 
Axis 1 EIG Axis 2 EIG Axis 3 EIG Axis 4 EIG 
Autumn HI set1 
(47) 
45.3% 0.4527 57.3% 0.1204 65.5% 0.814 69.8% 0.0434 
Autumn HI set2 
(32) 
48.9% 0.4889 59.4% 0.1050 66.0% 0.0657 70.4% 0.0443 
Autumn HI set3 
(6) 
52.7% 0.5274 76.3% 0.2358 88.0% 0.1170 95.2% 0.0721 
Spring HI set1 
(47) 
48.4% 0.4841 62.2% 0.1382 68.0% 0.0577 72.2% 0.0424 
Spring HI set2 
(32) 
47.3% 0.4730 62.0% 0.1466 68.4% 0.0648 72.5% 0.0405 
Spring HI set3 
(6) 
54.8% 0.5477 77.7% 0.2289 88.6% 0.1095 94.9% 0.0626 
 
The series of PCA sample axes ordination plots presented in Figure 4.9 were generated using 
the Autumn Hydrological indices (set 3). Each plot contains three consecutive years of sample 
scores with each successive plot having the proceeding year’s samples replace the earliest 
year’s samples. This method of presenting the data enables temporal patterns to be highlighted 
with greater ease. A clear lateral inter-annual pattern can be seen running from left to right 
across axis 1. The samples from years that experienced lower flow conditions (1988, 1989, 
1990, 1991, 1995, 1996 and 2005), appear as clusters to the negative end of PCA axis 1, whilst 
those samples from years that experienced higher flow conditions appear as clusters to the 
positive end of axis 1 (1986, 1987, 1993, 1998, 2000 and 2002). Those years that experienced 
intermediate flows appear clustered at the axis origin (1992, 1994, 1997, 1999, 2001, 2003 and 
2004). The best examples of these distinct clusters can be seen in Figure 4.8c and 4.8d, where 
samples from 1988-1991, years that experienced the lowest flow conditions are clustered to the 
negative end of PCA axis 1. Years characterised by high flows, such as 2000, can be seen in 
Figure 4.9m with samples clustered at the positive end of axis 1. 
 
The transition between low, intermediate and high flows recorded at the 28 Environment 
Agency gauges is clearly depicted in the PCA ordination plots in Figure 4.9. In 1986 
intermediate flows were experienced (Figure 4.8a), before increased flows were experienced in 
1987 (Figure 4.9b). The following four years, 1988-1991 (Figures 4.9c and 4.9d) were seen to 
be dominated by low flows, before intermediate flows returned at the end of 1992 (Figure 4.9e). 
Higher flows were experienced in the subsequent year, 1993 (Figure 4.9f), before again 
returning to intermediate flows in 1994, (Figure 4.9g). The following two years, 1995-1996, 
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experienced low flow conditions (Figure 4.9h) before again returning to intermediate flows in 
1997 (Figure 4.9i). The flows experienced during the following 5 years (1998-2002) were seen 
to alternate between intermediate and high flows with 1998 experiencing higher flows, 1999 
intermediate flows, before 2000 experiencing the highest flows (Figure 4.9m) recorded within 
the dataset (1986-2005). 2001 saw the return of intermediate flows before slightly higher flows 
were experienced in 2002 (Figure 4.9q). The following two year period 2003-2004 experienced 
intermediate flows before flows were reduced in 2005 (Figure 4.9r). 
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Figure ‎4.9 PCA ordination plots, generated using hydrological indices set 3, for the 28 
Environment Agency flow gauges. Gauges have been grouped by flow year (1
st
 September- 31
st
 
August). Graphs progress from 1986-2005 with three sequential years being displayed; the 
earliest year is removed and replaced by the proceeding year 
 
The average axis scores (axes 1 and 2) for each hydrological year’s samples were calculated 
enabling a sample centroid plot (mean axes 1 and 2 values) to be produced (Figure 4.10). 
Figure 4.10 plots the centroid sample scores for each hydrological year, summarizing Figure 4.9 
into a single plot.  The plot area has been divided into four separate sections in order to group 
those hydrological years that experienced similar flow conditions (low, normal, high and extreme 
high). 
 
 
 
Figure ‎4.10 PCA ordination plot of the average axis scores (axes 1 and 2), generated using 
hydrological indices set 3, for the 28 Environment Agency flow gauges. Gauges have been 
grouped by flow year (1
st
 September- 31
st
 August). The plot area has been divided into sections 
to separate years that experienced low, intermediate, high and extreme high flows 
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4.5 Hydroecological analysis results 
The long-term trends (1986-2005) among the hydrological regimes and the ecology of the study 
catchments were examined. Hydrological indices were calculated for each of the 28 
Environment Agency flow gauges (see Table 4.1) and were paired with the ecological data from 
the 88 Environment Agency BIOSYS sites (see Appendix 3). 
 
The results have been divided into two subsections; the first explores the temporal patterns of 
the LIFE scores, generated from the raw ecological data, examining their association with the 
long-term discharge records. The second section explores the raw ecological data from the 88 
Environment Agency BIOSYS sites over the twenty year study period (1986-2005) examining 
trends that can be linked to those found within the hydrological analysis. 
4.5.1 Ecological indices 
The indices / scores were plotted as error bars, with each bar representing each individual 
sample season for every year of the study period (1986-2005). This was combined with the 
long-term mean discharge for the 28 Environment agency flow gauges being used within this 
investigation over the same period. A plot of the six month rolling mean flow was also generated 
to reduce the noise that was present in the raw flow plot to simplify the hydrograph and enable 
easier interpretation. Figure 4.11 demonstrates the temporal relationships between the 
ecological indices and paired hydrology.   
 
The temporal pattern present in all of the ecological indices (BMWP, ASPT, LIFE F, LIFE S and 
LIFE O:E) appears to mimic the temporal pattern of the long-term mean hydrograph. If the six 
month rolling mean plot is used to compare the temporal pattern we can see that the ecological 
indices values rise and fall in a very similar manner and with similar timings. 
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Figure ‎4.11 Ecological indices error bar plots with 95% confidence intervals, calculated from the 
samples collected at the Environment Agency’s 88 BIOSYS sites (1986-2005), stacked on the 
long term mean hydrograph for the 28 Environment Agency gauges and the six month rolling 
mean discharge plot (red line). Error bars have been removed from years (1986 and 2001) that 
had a high level of variability, resulting from a low number of samples 
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In order to explore the trends and relationships between the ecological indices (BMWP, ASPT, 
raw LIFE scores and LIFE O:E scores) bivariate Pearson’s correlation analysis was undertaken. 
The output highlighted a number of significant correlations (p<0.05) with the highest r values 
being reported between the LIFE F scores and the monthly median flows and annual periods of 
minimum flows (1-day, 3-, 7-, 30- and 90-days) (Tables 4.7 and 4.8). Scatterplots for two of the 
strongest correlations (highest r values) have been created (Figure 4.12) to demonstrate the 
relationship between the ecological indices and the hydrology. 
 
Table ‎4.7 Results‎of‎the‎Pearson’s‎Correlation‎Coefficient‎test‎between‎ecological‎and‎
hydrological indices for Autumn.  **p<0.01, *p<0.05 (bold text indicates the five most 
significant correlations) 
AUTUMN SAMPLE 
INDICES BMWP ASPT LIFE S LIFE F LIFE O:E 
September 0.121** 0.194** 0.108** 0.170** 0.110** 
October 0.107** 0.226** 0.103** 0.177** 0.112** 
November 0.146** 0.236** 0.106** 0.187** 0.112** 
December 0.137** 0.225** 0.041 0.165** 0.122** 
January 0.176** 0.223** 0.036 0.169** 0.125** 
February 0.124** 0.187** 0.062 0.173** 0.124** 
March 0.127** 0.195** 0.098** 0.185** 0.138** 
April 0.075* 0.167** 0.098** 0.222** 0.199** 
May 0.121** 0.238** 0.153** 0.279** 0.238** 
June 0.128** 0.213** 0.122** 0.253** 0.202** 
July 0.093** 0.213** 0.138** 0.265** 0.200** 
August 0.130** 0.247** 0.148** 0.292** 0.194** 
1-day minimum 0.129** 0.264** 0.168** 0.283** 0.210** 
3-day minimum 0.128** 0.269** 0.174** 0.287** 0.215** 
7-day minimum 0.124** 0.267** 0.178** 0.288** 0.214** 
30-day minimum 0.098** 0.259** 0.158** 0.282** 0.213** 
90-day minimum 0.099** 0.237** 0.144** 0.268** 0.200** 
1-day maximum 0.145** 0.188** 0.071* 0.199** 0.189** 
3-day maximum 0.147** 0.186** 0.061 0.184** 0.166** 
7-day maximum 0.156** 0.189** 0.058 0.175** 0.154** 
30-day maximum 0.168** 0.210** 0.051 0.177** 0.151** 
90-day maximum 0.152** 0.216** 0.058 0.186** 0.152** 
Base flow index -0.044 -0.017 0.068* 0.006 -0.037 
Date minimum -0.001 0.015 -0.018 0.038 0.023 
Date maximum 0.072* 0.121** 0.011 0.078** 0.027 
Low pulse occurrences -0.071* -0.163** -0.180** -0.200** -0.172** 
Low pulse duration -0.100** -0.177** 0.032 -0.127** -0.087** 
High pulse occurrences 0.108** 0.190** 0.061 0.183** 0.152** 
High pulse duration -0.031 0.042 -0.049 0.060* 0.047 
Rise rate 0.097** 0.221** 0.121** 0.224** 0.169** 
Fall rate -0.137** -0.258** -0.165** -0.263** -0.221** 
Reversals -0.097** -0.093** -0.052 -0.072* 0.008 
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Table ‎4.8 Results‎of‎the‎Pearson’s‎Correlation‎Coefficient‎test‎between‎ecological‎and‎
hydrological indices for Spring.  **p<0.01, *p<0.05 (bold text indicates the five most 
significant correlations) 
SPRING SAMPLE 
INDICES BMWP ASPT LIFE S LIFE F LIFE O:E 
March 0.027 0.111** 0.154** 0.160** 0.154** 
April -0.005 0.120** 0.148** 0.200** 0.236** 
May 0.000 0.142** 0.205** 0.257** 0.255** 
June 0.024 0.155** 0.197** 0.253** 0.251** 
July 0.006 0.125** 0.168** 0.220** 0.194** 
August 0.100** 0.197** 0.197** 0.265** 0.197** 
September 0.036 0.150** 0.185** 0.253** 0.221** 
October 0.055 0.179** 0.163** 0.230** 0.180** 
November 0.072* 0.187** 0.193** 0.232** 0.160** 
December 0.066* 0.155** 0.112** 0.191** 0.155** 
January 0.090** 0.157** 0.066* 0.176** 0.123** 
February 0.038 0.142** 0.100** 0.195** 0.153** 
1-day minimum 0.056 0.180** 0.233** 0.286** 0.257** 
3-day minimum 0.050 0.179** 0.228** 0.284** 0.256** 
7-day minimum 0.045 0.173** 0.228** 0.283** 0.255** 
30-day minimum 0.056 0.176** 0.211** 0.272** 0.239** 
90-day minimum 0.050 0.176** 0.206** 0.273** 0.233** 
1-day maximum 0.077* 0.166** 0.121** 0.201** 0.182** 
3-day maximum 0.088** 0.177** 0.139** 0.216** 0.185** 
7-day maximum 0.083** 0.179** 0.169** 0.232** 0.200** 
30-day maximum 0.064* 0.178** 0.168** 0.240** 0.213** 
90-day maximum 0.056 0.184** 0.192** 0.251** 0.214** 
Base flow index -0.011 -0.018 0.064 0.051 0.037 
Date minimum 0.001 0.011 -0.005 0.021 0.019 
Date maximum -0.046 -0.018 -0.055 -0.035 0.021 
Low pulse occurrences 0.016 -0.084** -0.173** -0.174** -0.123** 
Low pulse duration -0.070* -0.109** -0.050 -0.132** -0.138** 
High pulse occurrences 0.078* .0170** 0.155** 0.224** 0.197** 
High pulse duration 0.034 0.074* -0.051 0.048 0.046 
Rise rate 0.025 0.146** 0.129** 0.222** 0.172** 
Fall rate -0.051 -0.190** -0.176** -0.263** -0.226** 
Reversals 0.010 -0.035 -0.091** -0.054 -0.041 
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Figure ‎4.12 Scatterplots demonstrating the relationships between Autumn LIFE F scores and 
(a) August median discharge (m
3
s
-1
), (b) annual seven day minimum discharge (m
3
s
-1
), prior to 
the Autumn sampling period 
 
Pearson’s correlation coefficient tests were undertaken between the axis 1 sample scores from 
the six PCAs, carried out in section 4.4.2, and the raw LIFE S, LIFE F scores and the LIFE O:E 
ratios. The correlations were found to be significant to the 1% level between the axis 1 scores 
from each of the three hydrological indices sets and all three LIFE scores for both Autumn and 
Spring (Table 4.9). The significance levels were comparable to those seen between the 
ecological indices and the raw hydrological indices (Tables 4.7 and 4.8), with LIFE F again 
producing the most significant correlations (highest r values). 
 
Table ‎4.9 Results‎of‎Pearson’s‎correlation coefficient test between PCA axis 1 scores 
from each of the six PCAs and LIFE S, LIFE F and LIFE O:E. (**p<0.01) 
Season/HI set No. of variables LIFES S LIFE F LIFE O:E 
Autumn HI set1 47 0.135** 0.277** 0.210** 
Autumn HI set2 32 0.149** 0.296** 0.224** 
Autumn HI set3 6 0.127** 0.262** 0.213** 
Spring HI set1 47 0.235** 0.318** 0.270** 
Spring HI set2 32 0.220** 0.317** 0.262** 
Spring HI set3 6 0.222** 0.288** 0.230** 
 
4.5.2 Ecological community composition 
Detrended Correspondence Analysis (DCA) 
Detrended Correspondence Analysis (DCA) was undertaken in Canoco (ter Braak and 
Smilauer, 1996) in order to explore the macroinvertebrate community composition and structure 
of the 2267 ecological samples collected from the 88 Environment Agency BIOSYS sites over 
the 20 year study period (1986-2005). Both regional and temporal patterns within 
macroinvertebrate assemblages were investigated for both Spring and Autumn samples 
separately. Separate DCAs were also undertaken firstly for family-level macroinvertebrate data 
(a) (b) 
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and secondly for species-level macroinvertebrate data, allowing the effects of the taxonomic 
resolution of a sample to be assessed. Preliminary analysis highlighted that both rare species, 
those that occurred in only one sample and with an abundance <2 and samples containing just 
one taxon resulted in outliers within the outputs; therefore both rare species (abundance <2), 
and those samples containing one taxon were removed. The preliminary analyses also 
highlighted that there was some regional variation between macroinvertebrate samples, with 
samples collected from sites located in the Anglian Central region clustering differently to those 
collected from sites located in the Anglian Northern region. Once plotted this regional variation 
is apparent (Figure 4.13), therefore the final series of DCAs were undertaken using region as a 
covariable removing the regional variation from the analysis (Figure 4.14). No seasonal 
variation in the percentages of variance explained by the DCA axes was seen with Autumn and 
Spring percentages being within 1% of each other (Table 4.10). However, there was a clear 
difference between the percentage of variance explained by the DCA axes between family-level 
and species-level with family-level axes explaining approximately twice the amount of variation 
as compared with the species-level axes (Table 4.10). 
 
Table ‎4.10 Summary of the percentages of variance cumulatively explained by each of 
the first four DCA axes and their eigenvalues 
Season/Taxonomic 
resolution 
Axis 1 EIG Axis 2 EIG Axis 3 EIG Axis 4 EIG 
Autumn Family 8.4% 0.2004 12.4% 0.0971 15.7% 0.0791 18.5% 0.0670 
Autumn Species 4.2% 0.3262 6.2% 0.1553 7.8% 0.1263 9.4% 0.1191 
Spring Family 8.3% 0.1958 12.6% 0.1052 15.9% 0.0789 19.1% 0.0757 
Spring Species 4.3% 0.3170 6.7% 0.1787 8.8% 0.1578 10.8% 0.1438 
 
 
Figure ‎4.13 Detrended Correspondence Analysis ordination of Autumn macroinvertebrate 
samples (family level), highlighting the differences between samples from the Anglian Central 
and Northern regions 
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Figure ‎4.14 Detrended Correspondence Analysis ordination of Autumn macroinvertebrate 
samples (family level), using region as a covariable 
 
Similarly to the PCA sample axes plots of the hydrological indices, a series of DCA sample plots 
were generated using the ecological sample data with each plot containing three consecutive 
years of sample scores with each successive plot having the proceeding year’s samples replace 
the earliest year’s samples. These plots, however, displayed less obvious temporal patterns 
than those observed in the hydrological data (see Appendix 4) therefore plots displaying the 
centroid values (axes 1 and 2) for each individual sample year were created (Figures 4.16, 4.19, 
4.22, 4.25). These allowed the more subtle patterns in the macroinvertebrate communities to be 
explored and highlighted. These plots were generated for both Autumn and Spring samples 
using both family-level and species-level data and are presented with their accompanying taxon 
plots (Figures 4.17, 4.20, 4.23, 4.26). 
 
A consistent temporal pattern can be seen within the DCA sample centroid plots for both the 
Autumn and the Spring sample datasets, and this was also true for both family-level and 
species-level data. However, clearer temporal patterns can be seen within the family-level 
sample plots (Figures 4.16, 4.19) compared to the species-level plots (Figures 4.22, 4.25). The 
taxon plots also highlight the relationships of the known flow preferences of the different 
macroinvertebrate families and species. The temporal pattern that appears in the DCA sample 
centroid plots appears to follow the temporal variations seen within the gauged flows over the 
same time period (1986-2005). This temporal pattern in flow can be seen in the long-term 
(1986-2005) mean hydrograph (Figure 4.15). 
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Figure  4.15 Mean long-term (1986-2005) hydrograph for the 28 Environment Agency flow 
gauges included in the macro-scale investigation. Periods of low, intermediate and high flows 
have been highlighted. Periods of low flows= white, high flows= grey 
 
 
The DCA centroid plot for the Autumn family-level samples (Figure 4.16) displays a temporal 
pattern with samples that were collected during periods that experienced higher flows occurring 
at lower axis 1 values (1987-1988 and 2000-2004) whilst those collected during periods that 
experience lower flows (1989-1993 and 1996-1997) occurring at higher axis 1 values. The 
pattern displayed by the DCA plots is temporally lagged compared to that displayed in the PCA 
plots, suggesting that the ecological response is lagged relative to flow. The plot has been 
annotated to help illustrate the transition from low to high flow conditions. 
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Figure ‎4.16 DCA sample year centroid plot for the Autumn macroinvertebrate samples (family-
level). Annotations and arrows highlight the temporal pattern 
 
The taxon plot for the family-level Autumn samples (Figure 4.17) strengthens this temporal 
hydrological-ecological pattern with macroinvertebrate families known to prefer faster flow 
velocities, as indicated by the LIFE flow group assignment, such as Perlodidae and 
Rhyacophilidae (flow group I), plotting at lower axis 1 scores whilst those families known for 
their preferences for slower flows, such as Naucoridae and Noteridae (flow group IV), plotting at 
higher axis 1 scores. In order to fully display this hydrological-ecological pattern additional taxon 
scatter plots have been created, which groups the positions of the taxa that belong to each of 
the six LIFE score flow groups created by Extence et al., (1999). A clear transition from left to 
right, fast flow preferring taxa (flow groups I - II) to slow flow preferring taxa (flow groups IV - V), 
can be seen in the Autumn family level LIFE flow group plot (Figure 4.18). 
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Figure ‎4.17 DCAordination of the taxa (family level) recorded within the Autumn BIOSYS 
samples for the 88 macro-scale sample sites over a twenty year period (1986-2005) 
 
 
 
Figure ‎4.18 DCA ordination of the taxa (family level) recorded within the Autumn BIOSYS 
samples for the 88 macro-scale sample sites over a twenty year period (1986-2005). Taxa 
points have been grouped by their LIFE flow group (I - V) 
 
The DCA centroid plot for the Spring family-level samples displays a temporal pattern, similar to 
that seen within the Autumn family-level samples, with samples that were collected during 
periods that experienced high flows occurring at lower axis 1 scores (1986-1987 and 2000-
2005) whilst those collected during periods that experience low flows (1988-1993 and 1995-
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1999) occurring at higher axis 1 scores (Figure 4.19). The plot has been annotated to help 
illustrate the transition from low to high flow conditions. 
 
Figure ‎4.19 DCA sample year centroid plot for the Spring macroinvertebrate samples (family-
level). Arrows highlight the temporal pattern 
 
Similar to the Autumn (family-level) plots, the taxon plot for the Spring (family-level) samples 
(Figure 4.20) strengthens this temporal hydrological-ecological pattern with macroinvertebrate 
families known to prefer faster flows, such as Philopotamidae and Rhyacophilidae (flow group I) 
occurring at lower axis 1 scores, whilst those families known for their preferences of slower 
flows, such as Pleidae and Noteridae (flow group IV) are occurring at higher axis 1 scores. The 
LIFE flow groups plot emphasizes the hydrological-ecological pattern with a clear left to right 
transition on axis 1 from predominantly fast flow preferring taxa (flow groups I - II) to slow flow 
preferring taxa (flow groups IV - V) (Figure 4.21). 
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Figure ‎4.20 DCA ordination of the taxa (family-level) recorded within the Spring BIOSYS 
samples for the 88 macro-scale sample sites 
 
 
 
Figure ‎4.21 DCA ordination of the taxa (family-level) recorded within the Spring BIOSYS 
samples for the 88 macro-scale sample sites over a twenty year period (1986-2005). Taxa 
points have been grouped by their LIFE flow group (I - V) 
 
The hydrological-ecological pattern displayed in both the Autumn and Spring (species-level) 
sample centroid plots are not as clear in their equivalent family-level plots (Figures 4.16, 4.19). 
Whilst the pattern is less clear it is still apparent within the Autumn (species-level) plot (Figure 
4.22), with the samples collected during years that experienced higher flows occurring at lower 
axis 1 scores, whilst those years that experienced lower flows occur at higher axis 1 scores. 
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Due to the pattern being less clear annotations similar to those made on the family-level plots 
have not been made.  
 
 
Figure ‎4.22 DCA sample year centroid plot for the Autumn macroinvertebrate samples (species-
level). Arrows highlight the temporal pattern.   
 
Whilst the hydrological-ecological pattern is still present, although not as clear, in the Autumn 
(species-level) centroid plot the taxon plots for the same Autumn (species-level) samples 
(Figure 4.23) displays the same hydrological-ecological pattern as the family-level plot (Figure 
4.16). Two species, known for their preference to fast flowing conditions have been highlighted, 
namely Hydropsyche saxonica and Plectrocnemia geniculata (flow group I), located at lower 
axis 1 scores, and two species, known for their preference to slow flowing conditions have been 
highlighted, namely Dugesia polychroa and Ranatra linearis (flow groups IV and V respectively), 
located at higher axis 1 scores. The additional LIFE flow group plot displays this left to right 
gradient from predominantly fast flow preferring taxa (flow groups I - II) to slow flow preferring 
taxa (flow groups IV - VI) (Figure 4.24). 
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Figure ‎4.23 DCA ordination of the taxa (species-level) recorded within the Spring BIOSYS 
samples for the 88 macro-scale sample sites 
 
 
Figure ‎4.24 DCA ordination of the taxa (species-level) recorded within the Autumn BIOSYS 
samples for the 88 macro-scale sample sites over a twenty year period (1986-2005). Taxa 
points have been grouped by their LIFE flow group (I - VI)  
 
The left to right pattern present in both the family-level centroid plots (Figures 4.16, 4.19) and 
the Autumn species-level centroid plot (Figure 4.22) is not so easily identifiable in the Spring 
species-level centroid plot, with less distance between centroids from high and low flow years, 
which suggests there is less variance between samples from high and low flow years (Figure 
4.25). The taxon plot however produces a similar pattern to those of both the family-level plots 
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and the Autumn species-level plot, with fast flow preferring taxa being present at lower axis 1 
scores, namely Rhyacophilia septentrionis and Wormaldia occipitals (flow group I), and slow 
flow preferring taxa being present at higher axis 1 scores, namely Hippeutis complanatus and 
Noterus crassicornis (flow group V) (Figure 4.26). Again this pattern is emphasized by the right 
to left gradient displayed in the LIFE flow group plot (Figure 4.27).  
 
Figure ‎4.25 DCA sample year centroid plot for the Spring macroinvertebrate samples (species-
level).  Arrows highlight the temporal pattern.   
 
Figure ‎4.26 DCA ordination of the taxa (species-level) recorded within the Spring BIOSYS 
samples for the 88 macro-scale sample sites 
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Figure ‎4.27 DCA ordination of the taxa (species-level) recorded within the Spring BIOSYS 
samples for the 88 macro-scale sample sites over a twenty year period (1986-2005). Taxa 
points have been grouped by their LIFE flow group (I - VI) 
 
Pearson’s correlation coefficient tests were undertaken between the axis 1 sample scores from 
the four DCAs, carried out in section 4.5.2, and both the raw LIFE S and LIFE F scores.  The 
correlations were found to be significant at the 1% level (Table 4.11). These correlations 
strengthen both the LIFE flow group gradient seen in the DCA ordination plots (Figures 4.18, 
4.21, 4.24, 4.27) and the hypothesis that the macroinvertebrate community structure is related 
to flow. 
 
Table ‎4.11 Results‎of‎Pearson’s‎correlation coefficient tests between the DCA axis 1 
scores of the macroinvertebrate community data and the raw LIFE S and LIFE F scores 
(**p<0.01) 
Season/Taxonomic resolution LIFE S LIFE F 
Autumn Family -0.776** -0.830** 
Autumn Species -0.855** -0.733** 
Spring Family -0.746** -0.805** 
Spring Species -0.772** -0.665** 
 
 
4.6 Discussion 
This chapter has explored the temporal variability and patterns of both the hydrological regimes 
of 28 lowland river flow gauges and their paired macroinvertebrate community composition of 
88 EA BIOSYS sites over a twenty year period (1986-2005). The results presented supports 
findings of other hydroecological studies with the influence of hydrology (flow regime) being 
observed to influence the macroinvertebrate community structure and composition of rivers (e.g. 
Monk et al., 2006, 2007, 2008). 
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Basic assessment of the river hydrographs highlighted the years that historically experienced 
low flow / drought conditions and the years that experienced high flow / flood conditions (Cross 
et al., 1995; Marsh, 1996; Hannaford and Marsh, 2006, 2008). The annual hydrographs 
consistently highlighted peak flows occurring during the winter months (December-March) and 
lower flows occurring during the summer months (July-September) typical of UK / temperate 
maritime environments (Ekstrom and Jones, 2009). PCA was used to examine which of 47 
hydrological indices, previously reported as being potentially ecological relevant (Richter et al., 
1996; Poff et al., 1997; Monk et al., 2006), were the most influential in characterising the flow 
regimes. Following a series of PCAs the original list of 47 indices was reduced to a set of six 
indices, which were able to account for >90% of the variation (cumulative over the first four PCA 
axes). The indices identified as contributing to the principal components structuring the flow 
regimes were: (1) duration of maximum flow; (2) duration of minimum flow; (3) base flow; (4) 
frequency of low flows; (5) fall rate; and (6) rise rate. The removal of redundant, correlated 
hydrological indices has been undertaken in previous studies (e.g. Olden and Poff, 2003; Yang 
et al., 2008; Gao et al., 2009) which similarly highlighted that flow regime structure could be 
characterised with a reduced set of indices (less than eight). The PCA output data produced 
similar patterns which reflected patterns observed by the raw hydrographs, potentially 
highlighting low flow / drought years and high flow / flood years.  
 
Initial investigation into the hydroecological relationships examined the mean discharge of the 
28 flow gauges and the annual mean ecological indices values over the 20 year study period. 
Results highlighted a strong link between river flow and the ecological indices with variations in 
the ecological indices mimicking the annual variations in flow, supporting the findings of 
previous research in the UK (Dunbar et al., 2006; Monk et al., 2006) and elsewhere (Clausen 
and Biggs, 1997; Armanini et al., 2011; Chinnayakanahalli, 2011). Correlation analysis between 
the IHA variables and the ecological indices highlighted many associations (highest 5 Pearson r 
values ranged between 0.282 and 0.292; p<0.01). However, the strongest associations were 
recorded between hydrological indices and the family-level LIFE scores (Extence et al., 1999). 
This hydroecological relationship was also identified when DCA of the raw macroinvertebrate 
community data was undertaken. The use of annual macroinvertebrate community sample 
centroid plots (mean axes 1 and 2 values) enabled the inter-annual variations in the 
macroinvertebrate communities to clearly be visualized. The pattern generated using the raw 
macroinvertebrate community data strongly resembled the inter-annual pattern highlighted in 
the hydrological indices centroid plots. The DCA taxon plots, indicated the presence of a 
gradient based on the V / VI LIFE flow groups, with those macroinvertebrate families / species 
belonging to flow group I being plotted at lower DCA axis 1 scores as compared to those 
belonging to flow groups V and VI, which plotted at higher DCA axis 1 scores. There was no 
apparent difference in inter-annual patterns displayed within DCA plots for Spring or Autumn 
macroinvertebrate data sets. This highlights the robustness of LIFE scores and the LIFE 
methodology (Extence et al., 1999) in hydroecological analyses, also reported in previous 
research (e.g. Monk et al., 2006, 2012; Dunbar et al., 2010a). The inter-annual patterns 
displayed in the DCA plots were consistently clearer when family-level data was used, 
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compared to species-level data. The cumulative percentage of variation explained over the first 
four DCA axes for species-level data was almost half of that for the family-level data. This 
however, could be attributed to the greater complexity within the data, with higher taxa richness 
present in the species-level data than the family-level data, producing greater statistical noise in 
the dataset (192 taxa at species-level and 73 taxa at family-level) (Dunbar, pers comm.). 
 
4.7 Summary 
In the absence of other confounding factors, such as pollution, it is widely considered that river 
flow is a major factor in structuring instream communities with distinct ecological communities 
being associated with differences in flow regimes varying both spatially and temporally. With the 
use of both raw macroinvertebrate community data and ecological indices, the results within this 
chapter emphasise the documented relationships between hydrology and instream ecology and 
demonstrate the ability of the LIFE score methodology to characterise the changes in 
macroinvertebrate community structure to prevailing river flow regimes. Whilst both species-
level and family-level data produced significant correlations, it was the family-level community 
data that produced the stronger correlations. The following chapters of this thesis continue to 
explore these relationships, but will also explore lesser known effects of geomorphological 
variation on instream ecology both independently and in conjunction with hydrological data. 
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Chapter 5 Macro-scale eco-hydromorphological analysis 
5.1 Introduction 
Macroinvertebrate communities are sensitive to both the spatial and temporal variations in the 
hydrological regime of a river and the geomorphological properties of the channel and the wider 
catchment (Vannote et al., 1980; Monk et al., 2006). The complex interactions between 
hydrological and geomorphological factors create the wide range and variety of habitats that 
comprise the river channel (Beisel et al., 2000), which vary both naturally and can also be 
influenced anthropogenically. Macroinvertebrate communities also vary seasonally due to 
variability in flow and species life histories (Mackay and Kalff, 1969). It has been documented 
that different macroinvertebrate communities are associated with specific hydrological (Extence 
et al., 1999) and geomorphological (Dunbar et al., 2006, 2010a 2010b) conditions. 
 
In this chapter, geomorphological data in the form of River Habitat Survey (RHS) data paired 
with each of the 88 Environment Agency monitored BIOSYS sites were examined. The 21 
standard RHS scores and sub-scores were generated for each survey, which were analysed 
using Principal Component Analysis (PCA) to investigate which of the RHS scores and sub-
scores were potentially the most influential, statistically, in explaining abiotic differences 
between sites. The geomorphological data were then combined with the hydroecological data, 
in the form of 28 Environment Agency flow gauge records and the macroinvertebrate data from 
88 Environment Agency BIOSYS sites, which formed the basis of the analysis in the previous 
chapter (Chapter 4). The paired ecological, hydrological and geomorphological data sets for 
each of the 88 Environment Agency BIOSYS sites were analysed using Canonical 
Correspondence Analysis (CCA) and Partial Least Squares regression (PLS) in order to explore 
and identify trends and patterns between the ecology and the hydrology and the geomorphology 
of the rivers examined. 
 
5.2 Chapter aims and objectives 
This chapter addresses thesis aims 3, 4, 5 and 6 (Chapter 1, section 1.2) by exploring the 
relationships between long-term ecological, hydrological and geomorphological data. The 
objectives of this chapter are:  
 
 To highlight the principal descriptors of geomorphological variability amongst the 
studied river sites; 
 
 To investigate how instream macroinvertebrate communities are influenced by changes 
in riparian catchment land use and instream channel management activities, via the 
examination of geomorphological data from RHS; 
 
 To investigate whether hydrology or geomorphology, both individually or combined is 
the principal force structuring macroinvertebrate community composition. 
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5.3 Methodology 
5.3.1 River Habitat Survey site pairing and collection 
The finalized list of Environment Agency BIOSYS sites included in the analysis was used to 
obtain existing RHS data from the RHS database. A set of requirements were derived that had 
to be met for their inclusion within the analysis. These were: 
 
 A complete RHS form, using the post-1994 version of the survey; 
 A complete RHS form collected within 2km (either upstream or downstream) of the 
BIOSYS site location;  
 At BIOSYS sites where there was no pre-existing RHS data or any suitable RHS data 
existed, new RHSs were undertaken (See Chapter 3, Section 3.4.3 for RHS collection 
protocol). 
5.3.2 Data preparation and analysis 
This chapter incorporates both the hydrological and the ecological datasets that formed the 
basis of the hydroecological analysis undertaken within Chapter 4. The details regarding the 
preparation of both the hydrological and ecological datasets can be found in Chapter 4 (section 
4.3.3). In addition to the hydrological and ecological datasets, this chapter explores paired 
geomorphological data. The geomorphological dataset was created using RHS data, which 
enabled 21 separate scores and sub-scores to be derived with each providing a quantitative 
value / score for different elements relating to river modification or river habitat quality. The RHS 
derived habitat modification and the habitat quality scores and sub-scores used are presented 
in Table 5.1. 
 
The RHS scores and sub-scores for 71 of the 88 BIOSYS sites were obtained directly from the 
Environment Agencies RHS database whilst an additional 11 surveys were collected to be 
paired with the remaining 12 BIOSYS sites. The 11 completed RHS were then entered into the 
Centre for Ecology and Hydrology’s RAPID software (version 2.1) to calculate the scores and 
sub-scores needed to complete the geomorphological dataset (see Chapter 3, section 3.4.5 for 
further details of RHS collection and processing using RAPID). 
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Table ‎5.1 The names and descriptions of the RHS derived habitat quality and habitat 
modification scores and sub-scores being used as geomorphological indices 
HABITAT QUALITY INDICES DESCRIPTION 
Habitat quality assessment score The sum of the HQA sub-scores 
Flow type The number of different flow types within the 
500m surveyed reach (e.g. smooth, rippled) 
Channel substrate The number of different substrates within the 
500m surveyed reach (e.g. sand, gravel) 
Channel features The number of different channel features 
within the 500m surveyed reach (e.g. mid-
channel bars) 
Bank features The number of different bank features within 
the 500m surveyed reach (e.g. eroding cliffs) 
Bank vegetation structure The bank vegetation structure within 5m of 
the banktop within the 500m surveyed reach 
(e.g. bare, uniform, complex) 
Instream channel vegetation The instream channel vegetation  within the 
500m surveyed reach (e.g. emergent, 
submerged, algae) 
Land-use The land-use  within 50m of the banktop, 
within the 500m surveyed reach (e.g. 
woodland, grassland, urban) 
Trees and associated features The extent of trees within the 500m surveyed 
reach (e.g. isolated, continuous) and 
associated features (e.g. shading of 
channels, overhanging boughs) 
Special features The extent of special features within the 
500m surveyed reach (e.g. braided channels, 
marshes, bogs) 
HABITAT MODIFICATION INDICES DESCRIPTION 
Habitat Modification Score The sum of the HM sub-scores 
Habitat Modification Class The HM score class (1-5) 
Culverts The number culverts within the 500m 
surveyed reach  
Reinforcement The extent of both bed and bank 
reinforcement within the 500m surveyed 
reach 
Resectioning The extent of both bed and bank resectioning 
within the 500m surveyed reach 
Bridges The number and magnitude of bridges within 
the 500m surveyed reach (e.g. minor, 
intermediate, major) 
Poaching The extent of bank poaching within the 500m 
surveyed reach 
Outfalls and deflectors The number and magnitude of outfalls and 
deflectors within the 500m surveyed reach 
(e.g. minor, intermediate, major) 
Weirs The number and magnitude of weirs within 
the 500m surveyed reach (e.g. minor, 
intermediate, major) 
Berms and Embankments The extent of berms and embankments along 
the 500m surveyed reach 
Fords The number and magnitude of fords within 
the 500m surveyed reach (e.g. minor, 
intermediate, major) 
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5.3.3 Analytical techniques 
A range of analytical techniques are used within this chapter. Bivariate correlations (Pearson’s) 
were calculated to explore the associations between the ecological and geomorphological data 
from RHS. Principal Components Analysis (PCA) was used to explore the geomorphological 
data; enabling the identification of the geomorphological indices that accounted for most of the 
statistical variation amongst the surveyed sites (see Chapter 3, section 3.7.3 for a detailed 
description of PCA). A series of PCAs were undertaken incorporating a reduced number of 
indices identified using techniques similar to those employed by Olden and Poff (2003) and 
Monk et al. (2007) being used to highlight and remove redundant indices following confirmation 
using cross-correlations (Pearson’s method). Vectors running along the same axis as each 
other were identified as being significantly correlated to one another (p<0.05). Those vectors 
with a lower axis loading (shorter) were deemed redundant and subsequently removed from 
subsequent analyses. 
 
Two multivariate analytical techniques were used to explore the association, patterns and 
trends among the ecological, hydrological and the geomorphological data sets. First, Canonical 
Correspondence Analysis (CCA) was undertaken to explore which of the hydrological and 
geomorphological indices accounted for most of the statistical variation within the ecological 
data. Similar to the method employed whilst undertaking the PCAs, a series of CCAs were 
undertaken with a progressively reduced number of indices being incorporated, determined 
using the cross-correlation and redundancy (multicollinearity) techniques outlined above. Four 
separate series of CCAs were carried out with both family-level and species-level taxon data 
being analyzed for both Spring and Autumn samples. The final analysis undertaken was Partial 
Least Squares (PLS) regression to examine which of the hydrological and geomorphological 
indices were the most statistically important in predicting the values of the ecological indices 
(LIFE O:E, LIFE F, LIFE S, BMWP and ASPT) derived from the raw data. The ability for the 
hydrological and geomorphological indices to be used as a method of predicting the ecological 
indices was also calculated. A series of PLS regressions were developed (similar to the method 
employed for the PCAs and CCAs) with a progressively reduced number of indices being 
incorporated.   
 
5.4 Geomorphological analysis results 
Before the final analysis of the hydrological, ecological and geomorphological dataset as a 
whole, the RHS derived geomorphological information needed to be explored separately. In 
order to explore the potential significance of each of the geomorphological indices the same 
method employed when investigating the hydrological indices in Chapter 4 (section 4.4.2) was 
undertaken. 
 
Principal Components Analysis (PCA) 
Principal Components Analysis (PCA) was undertaken in Canoco (ter Braak and Smilauer, 
1996) in order to explore the 21 geomorphological indices derived from the 83 separate RHSs 
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that had been paired with the 88 BIOSYS sites. The aim of undertaking PCA was to highlight 
which of the geomorphological indices explained the most amount of variation in the dataset 
and to reduce the number of indices by highlighting cross-correlation and redundancy 
(multicollinearity) of indices so they could be removed from subsequent analyses. Indices were 
removed following the techniques outlined in section 5.3.3 with bivariate correlation (Pearson’s 
method) being undertaken in SPSS to highlight the most highly correlated, redundant indices. 
The PCA axes values (axis 1 and 2) were then examined to highlight which of the indices were 
most heavily loaded on individual axes, ensuring that both negative and positive ends of both 
axes were represented. A series of two PCAs were undertaken with the first containing all the 
geomorphological indices and the second containing the reduced number following redundancy 
analysis (Table 5.2). 
 
Table ‎5.2 The geomorphological Indices sets (MI) used in the PCAs and their 
abbreviations 
MI set1  MI set2  
Index Abbreviation Index Abbreviation 
Habitat Quality Assessment 
score 
HQA_Score Habitat Quality Assessment 
score 
HQA_Score 
Flow type HQA_FT Bank features HQA_BF 
Channel substrate HQA_CS Habitat Modification Score HM_Score 
Channel features HQA_CF Resectioning HMS_RS 
Bank features HQA_BF Poaching HMS_P 
Bank vegetation structure HQA_BV Weirs HMS_W 
Instream channel vegetation HQA_IV Fords HMS_F 
Land-use HQA_LU   
Trees and associated features HQA_T   
Special features HQA_SF   
Habitat Modification Score HM_Score   
Habitat Modification Class HM_Class   
Culverts HMS_C   
Reinforcement HMS_RI   
Resectioning HMS_RS   
Bridges HMS_B   
Poaching HMS_P   
Outfalls and deflectors HMS_OD   
Weirs HMS_W   
Berms and Embankments HMS_BE   
Fords HMS_F   
 
PCA was undertaken containing all 21 of the available geomorphological indices and from this 
an ordination plot was produced plotting axis 1 and axis 2 scores for each of the indices against 
each other. The resultant plot enabled the identification of the geomorphological indices that 
were driving the variability within the geomorphological dataset (Figure 5.1). After cross-
correlation and redundancy (multicollinearity) techniques (see section 5.3.3) were implemented, 
a resulting list of seven geomorphological indices (MI set 2) was identified (see Table 5.2). 
Table 5.3 lists the PCA axes 1 and 2 values for each of the geomorphological indices contained 
in both MI set 1 and MI set 2. 
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Figure ‎5.1 PCA ordination plot of Geomorphological Indices (set 1) obtained from raw RHS 
data.  The definitions of the geomorphological indices codes are presented in Table 5.2 
 
A second PCA containing a reduced set of seven geomorphological indices (MI set 2) was 
undertaken and an ordination plot, plotting the axis 1 scores against the axis 2 scores was 
produced (Figure 5.2). The variances explained by each of the first four axes of both PCAs are 
listed in Table 5.4. Both PCAs could explain almost all of the total statistical variation observed 
within the geomorphological indices with the MI set 1 accounting for 98.8% and MI set 2 
accounting for 100% when all 4 axes were considered.  
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Figure ‎5.2 PCA ordination plot of Geomorphological Indices (set 2) obtained from raw RHS 
data.  The definitions of the geomorphological indices codes are presented in Table 5.2 
 
Table ‎5.3 PCA axes 1 and 2 values for the geomorphological indices included in each of 
the two Geomorphological Indices sets 
MI set1   MI set2   
Index Axis 1 Axis 2 Index Axis 1 Axis 2 
Habitat Quality 
Assessment score 
-0.187 0.080 
Habitat Quality 
Assessment score 
-0.187 0.056 
Flow type -0.206 0.038 Bank features -0.343 -0.084 
Channel substrate -0.198 -0.005 
Habitat Modification 
Score 
0.992 0.122 
Channel features -0.132 0.011 Resectioning 0.986 -0.162 
Bank features -0.344 -0.092 Poaching -0.224 0.023 
Bank vegetation 
structure 
0.046 0.026 Weirs 0.256 0.818 
Instream channel 
vegetation 
-0.161 -0.095 Fords -0.022 0.313 
Land-use 0.026 0.012    
Trees and associated 
features 
-0.134 0.187    
Special features 0.169 0.151    
Habitat Modification 
Score 
0.992 0.123    
Habitat Modification 
Class 
0.808 0.291    
Culverts 0.127 0.148    
-1.0 1.0
-1
.0
1
.0
HM_Score
HMS_RS
HMS_W
HMS_F
HQA_Score
HMS_P
HQA_BF
Axis 1
A
x
is
 2
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Reinforcement 0.163 0.443    
Resectioning 0.985 -0.167    
Bridges 0.118 0.575    
Poaching -0.224 0.020    
Outfalls and deflectors 0.149 0.168    
Weirs 0.256 0.752    
Berms and 
Embankments 
0.374 0.028    
Fords -0.022 0.292    
 
 
Table ‎5.4 Summary of the percentage of variance cumulatively explained by each of the 
first four PCA axes and their eigenvalues 
 
 
5.5 Eco-hydro-geomorphological analysis results 
The following section outlines the detailed analysis of the ecological, hydrological and 
geomorphological data, and specifically explores the relationships between instream ecology 
and hydromorphology. In addition, it aims to highlight which hydrological and geomorphological 
factors are the most influential in shaping the instream ecological community. The 32 
hydrological indices, calculated from the raw flow data of the 28 Environment Agency flow 
gauges, collected over a 20-year period (1986-2005) were combined with the 21 
geomorphological indices, calculated from the 83 River Habitat Surveys, to form a list of 53 
hydromorphological indices. These indices were then paired with the ecological indices for both 
the Spring and Autumn macroinvertebrate samples collected over the same 20-year period 
(1986-2005) for each of the 88 Environment Agency BIOSYS sites. Four separate datasets 
were created for analysis, two containing at least LIFE F scores (one for Spring samples and 
one for Autumn samples) and two reduced datasets containing those samples that had both 
LIFE F and LIFE S scores, enabling comparisons between the use of LIFE F and LIFE S scores 
to be made (one for Spring samples and one for Autumn samples). 
 
Habitat quality 
Bivariate correlation (Pearson’s method) was used to explore the relationships between the 
ecological indices derived from both the Spring and Autumn Environment Agency BIOSYS site 
macroinvertebrate samples and the RHS derived HQA score and sub-scores (Table 5.5).  
Significant positive correlations were found between all of the 10 HQA scores and at least 1 of 
MI set 
No. of 
variables 
Axis 1 EIG Axis 2 EIG Axis 3 EIG Axis 4 EIG 
MI 
set1 
21 93.8% 0.9378 96.9% 0.0315 98% 0.0107 98.8% 0.0081 
MI  
set2 
7 96.5% 0.9645 99.4% 0.0290 99.9% 0.0055 100% 0.0006 
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the 5 ecological indices, with the most significant associations (highest r values), although fairly 
weak, being recorded between the raw LIFE scores (both family-level and species-level) and 
the overall HQA score (Table 5.5 and Figure 5.3). 
 
Table ‎5.5 Results‎of‎the‎Pearson’s‎correlation coefficient test between ecological indices 
and RHS derived Habitat Quality Assessment (HQA) scores and sub-scores. **p<0.01, 
*p<0.05 (bold text indicates the five most significant correlations) 
Habitat quality indices BMWP ASPT LIFE S LIFE F LIFE O:E 
HQA score .209** .035 .392** .440** .154** 
Bank vegetation .136** .041 .261** .281** .171** 
Channel features -.104** -.036 .156** .193** -.091** 
Channel substrate .077** .052* .241** .254** .000 
Flow types .104** -.066** .383** .428** .052* 
Instream channel 
vegetation 
.147** .103** -.107** -.087** .026 
Land use .112** .059* .013 .040 .191** 
Special features -.016 -.043 .099** .112** -.023 
Trees and associated 
features 
.170** .045 .377** .370** .142** 
Bank features .138** -.042 .190** .254** .088** 
 
 
 
Figure ‎5.3 Scatterplots demonstrating the relationship between HQA score and (a) LIFE S, (b) 
LIFE F, scores 
 
Habitat modification 
Bivariate correlation (Pearson’s method) was used to explore the relationships between the 
ecological indices and the RHS derived habitat modification scores and sub-scores (Table 5.6). 
Significant positive and negative correlations were recorded between the ecological indices and 
the geomorphological scores, with the most significant negative correlations (p<0.01), although 
again fairly weak, being observed between the LIFE score (family-level and species-level) and 
the resectioning sub-score (Table 5.6 and Figure 5.4), whilst positive correlations (p<0.01) were 
observed between the LIFE score (both family-level and species-level) and the bridges sub-
score (Table 5.6). 
 
 
(a) 
(b) (a) 
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 Table ‎5.6 Results‎of‎Pearson’s‎correlation coefficient test between ecological indices 
and RHS derived Habitat Modification Score (HMS) and sub-scores ** p<0.01, *p<0.05 
(bold text indicates the five most significant correlations) 
Habitat modification 
indices 
BMWP ASPT LIFE S LIFE F LIFE O:E 
HMClass -.011 .052* .016 -.011 -.007 
HM score -.049* -.009 -.179** -.201** -.129** 
Outfalls and 
deflectors 
.033 -.017 .080** .066** -.027 
Berms and 
embankments 
.007 .111** -.150** -.200** .106** 
Bridges .179** .048* .211** .220** .089** 
Culverts -.078** -.022 .001 .027 -.008 
Fords .041 .000 .276** .260** .158** 
Poaching -.012 -.026 .061** .093** .063** 
Reinforcement -.058* -.010 .071** .091** .138** 
Resectioning -.103** -.048* -.264** -.289** -.203** 
Weirs .213** .154** .114** .090** .101** 
 
 
Figure ‎5.4 Scatterplots demonstrating the relationships between the Resectioning sub-score 
and (a) LIFE S, (b) LIFE F, scores 
 
Canonical Correspondence Analysis (CCA) 
Canonical Correspondence Analysis (CCA) was undertaken in Canoco (ter Braak and Smilauer, 
1996) in order to explore and identify the relationships between the raw ecological data, from 
the 88 Environment Agency BIOSYS sites collected over the 20 year period (1986-2005), and 
both the hydrological and the geomorphological data, that had been matched to each of the 
BIOSYS sites. In order to fully explore how influential each of the 53 hydromorphological indices 
were (32 hydrological and 21 geomorphological) a series of four CCAs were undertaken for 
both the Spring and Autumn samples, independently, and using both family-level and species-
level data. The first explored which of the 32 hydrological indices were potentially most 
influential in structuring the ecological communities, whilst the second explored which of the 21 
geomorphological indices were most influential. The third explored the complete set of both the 
hydrological and the geomorphological indices in order to highlight which of the indices were the 
most influential in structuring the ecological communities. The fourth contained a reduced 
number of hydrological and geomorphological indices (a total of 13, 6 hydrological and 7 
geomorphological), those that had been identified as being the most influential hydrological and 
(a) (b) (a) 
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geomorphological indices following the separate Principal Components Analyses of the 
hydrological and geomorphological indices (see Chapter 4, section 4.4.2 and Chapter 5, section 
5.4 respectively). Similarly to the ecological community composition analysis, region was used 
as a covariable in order to account for the regional variation within the ecological data that was 
identified (see Chapter 4, section 4.5.2).  
 
Table ‎5.7 List of the hydrological and geomorphological indices and their abbreviations, 
included in the CCA and PLS regressions 
Indices Abbreviation 
Hydrological indices  
September median Sep 
October median Oct 
November Nov 
December median Dec 
January median Jan 
February median Feb 
March median Mar 
April median Apr 
May median May 
June median Jun 
July median Jul 
August median Aug 
1-day min 1min 
3-day min 3min 
7-day min 7min 
30-day min 30min 
90-day min 90min 
1-day max 1max 
3-day max 3max 
7-day max 7max 
30-day max 30max 
90-day max 90max 
Base flow index BF 
Date min flow Dmin 
Date max flow Dmax 
Low pulse occurrences LP# 
Low pulse duration LPD 
High pulse occurrences HP# 
High pulse duration HPD 
Rise rate RR 
Fall rate FR 
Reversals Rev 
Geomorphological indices  
Habitat quality assessment score HQA_Score 
Flow type HQA_FT 
Channel substrate HQA_CS 
Channel features HQA_CF 
Bank features HQA_BF 
Bank vegetation structure HQA_BV 
Instream channel vegetation HQA_IV 
Land-use HQA_LU 
Trees and associated features HQA_T 
Special features HQA_SF 
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Habitat modification score HM_Score 
Habitat Modification Class HM_Class 
Culverts HMS_C 
Reinforcement HMS_RI 
Resectioning HMS_RS 
Bridges HMS_B 
Poaching HMS_P 
Outfalls and deflectors HMS_OD 
Weirs HMS_W 
Berms and Embankments HMS_BE 
Fords HMS_F 
 
 
The percentage variance in the ecological community explained by the first 4 axes of the CCAs 
for both Spring and Autumn and for both family-level and species-level data is summarised in 
Table 5.8. The PCA reduced set of indices, which contained 13 indices, consistently explained 
the greatest amount of the cumulative percentage of the ecological variation over the first four 
CCA axes. This was seen in both Autumn and Spring datasets and at both family-level and 
species-level, with the cumulative percentage over the first four CCA axes being highest for the 
Autumn family-level dataset (82.8%). The set of indices that explained the next greatest amount 
of cumulative percentage of the faunal variation were the geomorphological indices, containing 
21 indices, with the cumulative percentage over the first four CCA axes being highest for the 
Spring family-level dataset (68.5%). The CCA containing just the hydrological indices (32) 
consistently yielded the lowest cumulative percentage of variation explained over the first CCA 
axes, with the lowest being just 30% for the Spring species-level dataset. The CCA containing 
the largest number of indices (53) was the combined hydromorphological set. The cumulative 
percentage of variance explained over the first four CCA axes was consistently higher than the 
CCA containing just the hydrological indices but lower than the CCA containing just the 
geomorphological dataset. The family-level Spring and Autumn datasets explained the greatest 
amount of variance over the first four CCA axes (>55%) compared to the pieces datasets which 
explained <40% variance. The CCA that explained the greatest cumulative percentage of 
variation was the PCA-reduced indices set for the Autumn family-level dataset. The resulting 
CCA species-environmental biplots are presented (Figures 5.5, 5.7, 5.9, 5.11).  
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Table ‎5.8 Summary of the percentages of variance explained by each of the first four CCA axes and their eigenvalues 
Season/Resolution 
Indices sets 
No. of 
indices 
Axis 1 EIG Axis 2 EIG Axis 3 EIG Axis 4 EIG 
Autumn Family 
  
 
 
 
 
 
 
 
Hydrological 32 26.1% 0.0287 35.8% 0.0107 43.9% 0.0088 50.1% 0.0069 
Geomorphological 21 34.6% 0.0903 46.2% 0.0304 56.8% 0.0278 66.4% 0.0251 
Hydromorphological 53 29.3% 0.2046 38.6% 0.0727 47.6% 0.0694 55% 0.0523 
PCA reduced 13 53.3% 0.1610 66.9% 0.0497 75.1% 0.0305 82.8% 0.0268 
Autumn Species 
  
 
 
 
 
 
 
 
Hydrological 32 14.6% 0.0538 22.9% 0.0303 28.9% 0.0220 34.3% 0.0199 
Geomorphological 21 27.9% 0.1826 38.3% 0.0676 47.9% 0.0633 55.4% 0.0489 
Hydromorphological 53 20.4% 0.2046 27.7% 0.0727 34.6% 0.0694 39.8% 0.0523 
PCA reduced 13 42.6% 0.1610 55.7% 0.0497 63.8% 0.0305 70.9% 0.0268 
Spring Family 
  
 
 
 
 
 
 
 
Hydrological 32 24.7% 0.0318 36.7% 0.0153 44.4% 0.0100 51.1% 0.0086 
Geomorphological 21 35.8% 0.0928 47.9% 0.0313 58.9% 0.0285 68.5% 0.0248 
Hydromorphological 53 29.3% 0.1390 39% 0.0694 47.7% 0.0574 55.5% 0.0440 
PCA reduced 13 54.6% 0.0916 67.1% 0.0210 74.8% 0.0130 81% 0.0103 
Spring Species 
  
 
 
 
 
 
 
 
Hydrological 32 10% 0.0329 17.7% 0.0251 24.5% 0.0224 30% 0.0182 
Geomorphological 21 22.3% 0.1235 33.8% 0.0635 43.4% 0.0531 50.7% 0.0403 
Hydromorphological 53 16.1% 0.1390 24.1% 0.0694 30.7% 0.0574 35.8% 0.0440 
PCA reduced 13 31.7% 0.0928 47.4% 0.0462 57.2% 0.0287 64.5% 0.0215 
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The CCA ordination of the Autumn ecological samples (family-level) and the hydrological 
indices displays a presence of an environmental gradient on the first axis within the distribution 
of the taxa (Figure 5.5). With the exception of some invertebrate families (e.g. Pleidae and 
Ptychopteridae) the families known to display a preference for slow flow velocities (Extence et 
al., 1999) (e.g. Nepidae and Hydrophilidae) are predominantly located to the negative side of 
axis 1, whilst those families known to display a preference for fast flow velocities (Extence et al., 
1999) (e.g. Perlodidae and Lepidostomatidae) are predominantly located on the positive side of 
axis 1. In order to fully display the left to right environmental gradient an additional taxon scatter 
plot highlights and groups the positions of the taxa that belong to each of the six LIFE score flow 
groups created by Extence et al., (1999). The environmental gradient can be seen in the 
Autumn family level LIFE flow group plot (Figure 5.6). 
 
 
Figure ‎5.5 CCA ordination of the taxa (family-level) recorded within the Autumn BIOSYS 
samples for the 88 macro-scale sample sites over a twenty year period (1986-2005) and the 
hydrological 32 indices 
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Figure ‎5.6 Canonical Correspondence Analysis ordination of the taxa (family-level) recorded 
within the Autumn BIOSYS samples for the 88 macro-scale sample sites over a twenty year 
period (1986-2005) as influenced by the 32 hydrological indices. Taxa points have been 
grouped by their LIFE flow group (I - V) 
 
The CCA ordination of the Autumn ecological samples (family-level) and the geomorpholoigical 
indices indicates the presence of an environmental gradient on the first axis within the 
distribution of the taxa (Figure 5.7). The pattern seen is similar to that seen in the ecological-
hydrological plot (Figure 5.5). Invertebrate families that are known for preferring slower flows 
tend to be distributed in relation to the Habitat modification channel resectioning and berm and 
embankments sub-scores, which both highlight channelization. Invertebrate families known for 
their preference for faster flow velocities are distributed in relation to the habitat quality scores 
and sub-scores, with higher HQA scores and sub-scores highlighting a variable habitat, with 
increased heterogeneous flow velocities and substrates. The LIFE flow groups plot (Figure 5.8) 
again indicates the environmental gradient with a left to right transition from slow flow preferring 
taxa to fast flow preferring taxa. 
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Figure ‎5.7 CCA ordination of the taxa (family-level) recorded within the Autumn BIOSYS 
samples for the 88 macro-scale sample sites over a twenty year period (1986-2005) and the 21 
geomorphological indices 
 
 
 
Figure ‎5.8 CCA ordination of the taxa (family-level) recorded within the Autumn BIOSYS 
samples for the 88 macro-scale sample sites over a twenty year period (1986-2005) as 
influenced by the 21 geomorphological indices. Taxa points have been grouped by their LIFE 
flow group (I - V) 
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The CCA ordination of the Autumn ecological samples (family-level) and the 53 
hydromorphological indices indicates the presence of an environmental gradient on the first axis 
(Figure 5.9), as displayed in the CCA for the hydrological and geomorphological indices 
separately (Figures 5.5 and 5.7 respectively). Macroinvertebrate families known for preferring 
slow flow velocities are generally located towards the negative end of axis 1 (e.g. Noteridae) 
where the vectors of hydrological indices, whilst those famalies known for preferring fast flows 
are located towards the positive end (e.g. Perlodidae). The LIFE flow groups plot again 
emphasizes the environmental gradient with a left to right transition from slow flow preferring 
taxa to fast flow preferring taxa (Figure 5.10). 
 
 
Figure ‎5.9 CCA ordination of the taxa (family-level) recorded within the Autumn BIOSYS 
samples for the 88 macro-scale sample sites over a twenty year period (1986-2005) and both 
the 53 hydromorphological indices.  Note. The environmental variables within the cluster falling 
within the dashed line box are listed in the bottom right hand corner of the plot 
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Figure ‎5.10 CCA ordination of the taxa (family-level) recorded within the Autumn BIOSYS 
samples for the 88 macro-scale sample sites over a twenty year period (1986-2005) as 
influenced by the 53 hydromorphological indices. Taxa points have been grouped by their LIFE 
flow group (I - V) 
 
The CCA ordination of the Autumn ecological samples (family-level) and the PCA reduced set 
of 13 hydromorphological indices (Figure 5.11) displays a very similar distribution of the taxa in 
relation to the reduced set of hydrological and geomorphological indices to that displayed when 
all the hydrological and geomorphological indices are included (Figure 5.9). Invertebrate 
families that are known for preferring slower flows tend to be distributed in relation to both the 
Habitat modification channel resectioning and the flow fall rate indices (e.g. Noteridae). 
Invertebrate families known for their preference of faster flow velocities were distributed in 
relation to the habitat quality scores and sub-scores, with higher HQA scores and sub-scores 
highlighting a more heterogeneous habitat, with increased heterogeneous flow and substratum 
characteristics (e.g. Glossosomatidae). The LIFE flow groups plot again emphasizes the 
environmental gradient with a left to right transition from slow flow preferring taxa to fast flow 
preferring taxa (Figure 5.12). 
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Figure ‎5.11 CCA ordination of the taxa (family-level) recorded within the Autumn BIOSYS 
samples for the 88 macro-scale sample sites over a twenty year period (1986-2005) and the 
PCA reduced set of 13 hydromorphological indices 
 
 
Figure ‎5.12 CCA ordination of the taxa (family-level) recorded within the Autumn BIOSYS 
samples for the 88 macro-scale sample sites over a twenty year period (1986-2005) as 
influenced by the PCA reduced set of 13 hydromorphological indices. Taxa points have been 
grouped by their LIFE flow group (I - V) 
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Pearson’s correlation coefficient tests were undertaken between the axis 1 sample score values 
of the 16 CCAs and the raw LIFE S and LIFE F scores. All tests highlighted significant 
correlations (p<0.01) with the exception of the CCA axis 1 scores generated from the Spring 
species level macroinvertebrate data and the hydrological indices. The CCAs which 
incorporated just the hydrological indices consistently yielded the lowest significance levels, 
whilst those containing just the geomorphological indices, the combination of hydrological and 
geomorphological indices and the PCA reduced set of indices produced consistently higher 
significance values. The LIFE F scores consistently produced stronger correlations to those of 
the LIFE S scores (Table 5.9).   
 
Table ‎5.9 Results‎of‎Pearson’s‎correlation coefficient tests between the CCA axis 1 
scores of the macroinvertebrate community data, structured by the hydrological, 
geomorphological, hydromorphological and PCA-reduced sets of indices and the raw 
LIFE S and LIFE F scores (**p<0.01) 
Season/Resolution/Indices sets No. of indices LIFE S LIFE F 
Autumn Family 
   
Hydrological 32 0.194** 0.289** 
Geomorphological 21 0.527** 0.543** 
Hydromorphological 53 0.556** 0.612** 
PCA reduced 13 0.475** 0.544** 
Spring Family 
   
Hydrological 32 0.246** 0.290** 
Geomorphological 21 -0.408** -0.507** 
Hydromorphological 53 -0.485** -0.586** 
PCA reduced 13 0.408** 0.540** 
Autumn Species 
   
Hydrological 32 0.272** 0.301** 
Geomorphological 21 0.563** 0.575** 
Hydromorphological 53 0.615** 0.644** 
PCA reduced 13 0.550** 0.581** 
Spring Species 
   
Hydrological 32 -0.037 -0.05 
Geomorphological 21 0.476** 0.497** 
Hydromorphological 53 0.458** 0.488** 
PCA reduced 13 0.439** 0.472** 
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Partial Least Squares (PLS) regression 
Partial Least Squares (PLS) regression was undertaken in order to explore the relationships 
between both the hydrological and geomorphological indices and the ecological indices using 
the statistical software package R version 2.10.0 (R Development core team, 2009). The 
relative importance of each of the 32 hydrological and 21 geomorphological indices could 
therefore be quantified and the overall predictive capabilities of the combination of hydrological 
and geomorphological information with regard the ecology found within a river could be 
assessed (Monk et al., 2012). Similarly to the CCAs used above, a series of PLS regressions 
were undertaken; the 32 hydrological and 21 geomorphological indices were included in both 
separate PLSs and in combination with each other. Additional PLS regressions were carried out 
using a reduced number of hydrological and geomorphological indices, which had been found to 
be most statistically significant within the PCA analyses. PLS regressions were undertaken 
using the four separate datasets, two for Spring data and two for Autumn data. The first two 
datasets, one for Spring and another for Autumn, included all samples that had a LIFE F score 
(1053 Spring samples and 1109 Autumn samples). The second two datasets (Spring and 
Autumn) included the samples that had both LIFE F and LIFE S scores (862 Spring samples 
and 952 Autumn samples). 
 
In addition to the raw LIFE F and LIFE S scores, standardised LIFE scores were used as the 
dependent variable within separate PLS regressions. LIFE O:E ratio, which is the LIFE 
observed score divided by the LIFE expected score and LIFE scores that had been both divided 
by the site’s long-term average LIFE score (LIFE / site LTA), and had the site’s long-term 
average LIFE score subtracted from it (LIFE - site LTA). PLS regressions were also undertaken 
using both BMWP scores and ASPT scores as the dependent variable. 
 
The PLS regression models for the large Autumn dataset were undertaken between the 
ecological indices (dependent variables) and six sets of hydrological and/or geomorphological 
indices (independent variables) in Tables 5.7 and 5.10. The model outputs for the large Autumn 
dataset are summarised in Table 5.11, containing the percentage variance explained by the 
model within the independent variables (R
2
x), the percentage variance explained by the model 
of the dependent variable (R
2
y), and the cross-validated R
2
y (Q
2
y). The most influential 
independent variable (the variable with the highest variable influence on the projection (VIP)) for 
each model is also highlighted. 
 
 
 
 
 
 
 
108 
 
Table ‎5.10 Lists of three of the sets of hydrological and geomorphological indices used 
in the PLS regression models for the large Autumn dataset 
Large Autumn dataset VIP >0.7 Large Autumn dataset VIP >1 PCA reduced variable set 
HM Class Outfall Deflector sub score HM Score 
Outfall Deflector sub score Bridges sub score Fords sub score 
Berms Embankments sub score Culverts sub score Poaching sub score 
Bridges sub score Fords sub score Resectioned Bank Bed sub 
score 
Culverts sub score Reinforced Bank Bed sub score Weirs sub score 
Fords sub score Resectioned Bank Bed sub 
score 
HQA score 
Reinforced Bank Bed sub score Weirs sub score HQA Bank Features sub 
score 
Resectioned Bank Bed sub score HQA score 7-day min 
Weirs sub score HQA Bank Veg sub score 7-day max 
HQA score HQA Channel Features sub 
score 
Base_flow 
HQA Bank Veg sub score HQA Channel Substrates sub 
score 
Low pulse duration 
HQA Channel Features sub 
score 
HQA Flow Types sub score Rise rate 
HQA Channel Substrates sub 
score 
HQA Land Use sub score Fall rate 
HQA Flow Types sub score HQA Trees &  Assoc Features 
sub score 
 
HQA In-stream Channel Veg sub 
score 
HQA Bank Features sub score  
HQA Land Use sub score October median  
HQA Trees &  Assoc Features 
sub score 
November  
HQA Bank Features sub score December median  
September median January median  
October median April median  
November May median  
December median June median  
January median July median  
February median August median  
March median 1-day min  
April median 3-day min  
May median 7-day min  
June median 30-day min  
July median 90-day min  
August median 1-day max  
1-day min 3-day max  
3-day min 7-day max  
7-day min 30-day max  
30-day min 90-day max  
90-day min Low pulse occurrences  
1-day max Rise rate  
3-day max Fall rate  
7-day max   
30-day max   
90-day max   
Low pulse occurrences   
Low pulse duration   
High pulse occurrences   
Rise rate   
Fall rate     
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Table ‎5.11 Summary of PLS regression models, between the ecological indices and 
various sets of hydrological and geomorphological indices for the large Autumn dataset. 
The most influential variable (highest VIP) in each model is also highlighted 
Dependent 
Variable 
Independent 
Variables 
No. of 
variables 
R
2
x(%) R
2
y(%) Q
2
y(%) Highest VIP 
BMWP 
Hydrological 32 47.55 3.1 2.5 January median flow 
Geomorphological 21 16.99 20.76 18.63 Bridges SS 
Hydrological & 
geomorphological 
53 24.52 13.73 11.91 Bridges SS 
H&M VIP >0.7 45 30.92 7.04 6.15 HQA Bank Features SS 
H&M VIP >1.0 37 33.08 6.99 6.16 HQA Bank Features SS 
H&M PCA reduced 13 19.23 10.08 9 HQA score 
ASPT 
Hydrological 32 47.53 8.92 8.3 3 day min 
Geomorphological 21 20.72 25.75 24.61 HQA score 
Hydrological & 
geomorphological 
53 25.67 24.78 23.29 
HQA Trees&Ass. 
features SS 
H&M VIP >0.7 45 31.31 15.77 15.16 HQA score 
H&M VIP >1.0 37 33.64 16.1 15.42 HQA score 
H&M PCA reduced 13 20.48 21.99 21.05 HQA score 
LIFE O:E 
Hydrological 32 47.41 5.59 5.1 May median flow 
Geomorphological 21 19.69 18.72 16.89 HQA score 
Hydrological & 
geomorphological 
53 25.02 15.55 14.01 HQA score 
H&M VIP >0.7 45 31.97 8.75 8.15 May median flow 
H&M VIP >1.0 37 34.46 8.73 7.98 May median flow 
H&M PCA reduced 13 21.31 10.68 9.85 Fall rate 
LIFE F 
Hydrological 32 47.32 9.28 8.8 August median flow 
Geomorphological 21 21.93 39.14 38.35 HQA score 
Hydrological & 
geomorphological 
53 23.11 33.24 31.72 HQA score 
H&M VIP >0.7 45 29.02 24.29 23.55 HQA score 
H&M VIP >1.0 37 31.17 25.4 24.66 HQA score 
H&M PCA reduced 13 19.61 31.5 30.71 HQA score 
LIFE F - site 
LTA 
Hydrological 32 47.52 15.4 14.83 May median flow 
Geomorphological 21 - - -  - 
Hydrological & 
geomorphological 
53 27.86 15.3 14.12 May median flow 
LIFE F / site 
LTA 
Hydrological 32 47.52 2.81 2.36 May median flow 
Geomorphological 21 20.75 0.43 1.9 HQA substrate SS 
Hydrological & 
geomorphological 
53 27.75 9.27 7.69 7 day min 
  
 
The PLS models using the Autumn hydrological indices as the independent variables (32 
variables) consistently explained >47% of the variance within the independent variables (R
2
x) 
for each of the six dependent variables (Table 5.11). The variance of the dependent variables 
explained (R
2
y) was far less consistent, varying between 2.81% (LIFE / site LTA) and 15.4% 
(LIFE - site LTA). The predictive ability of each of the models also varied with only one being 
able to be used as a predictive model, the model using LIFE F - site LTA (Q
2
y = 14.83%) as the 
dependent variable (Table 5.11). The other Q
2
y values were <9.7%, the critical cut-off value 
proposed by Eriksson et al., (1995), suggesting the models should only be considered as 
exploratory and not predictive. 
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The PLS models using the geomorphological indices as the independent variables (21 
variables) and the six Autumn ecological indices as the dependent variables produced some 
strong predictive models, with Q
2
y values in excess of 38% (Table 5.11). The variance 
explained within the independent variables (R
2
x) varied between 16.99% (BMWP score) and 
21.93% (LIFE F), with the exception of LIFE F- site LTA which explained <0.1%. The variance 
within the dependent variables explained (R
2
y) was less consistent varying between <0.1% 
(LIFE F - site LTA) and 39.14% (LIFE F).  
 
The PLS models using the combined hydrological and geomorphological indices as the 
independent variables (53 variables) and the six Autumn ecological indices as the dependent 
variables also produced some highly predictive models (Table 5.11). The variance explained 
within the independent variables (R
2
x) for each of the dependent variables ranged between 
19.23% (BMWP score) and 27.76% (LIFE F - site LTA). Within the dependent variables the 
variance explained (R
2
y) also varied, with the LIFE F / site LTA yielding the lowest value 
(9.27%) and LIFE F yielding the highest value (31.5%). The predictive capability of the models 
also varied with the BMWP score and LIFE F / site LTA having values <9.7% and thus only 
having the ability to be used as exploratory models, whilst the models using the other four 
variables produced predictive models, with the LIFE F model producing a high Q
2
y value 
(30.71%). 
 
PLS models were also run using reduced sets of hydrological and geomorphological indices 
(Table 5.11). Due to the poor predictive capabilities of both the LIFE F - site LTA and LIFE F / 
site LTA, no further models were developed using them as the dependent variable. The first set 
contained both the hydrological and geomorphological indices that were seen to have variable 
influence on projection (VIP) values of >0.7 (moderately important) within the combined 
hydrological and geomorphological models for any of the ecological indices reducing the 
number of variables to 45 (see Table 5.9). The second contained both the hydrological and 
geomorphological variables (37 variables) that were seen to have variable influence on 
projection (VIP) values of >1.0 (the variables which explain the most amount of variance) within 
the combined hydrological and geomorphological models. The PLS models using the reduced 
sets of independent variables (those with VIP >0.7 and those with VIP >1.0) produced similar 
results. The variance explained within the independent variables (R
2
x) was consistently over 
29% whilst there was greater variance between the R
2
y and the Q
2
y between dependent 
variables. The R
2
y values varied between 6.99% (BMWP score) and 25.4% (LIFE F).  Q
2
y 
values were similar with the LIFE F and ASPT models having predictive capabilities with Q
2
y 
values of 24.66% and 15.42% respectively, whilst the BMWP score and LIFE O:E models could 
only be seen as exploratory with Q
2
y scores of <9.7%. 
 
A fundamental issue with PLS is model overfitting and this can occur when a large number of 
independent variables are inputted into a model. To avoid this the 6 hydrological indices that 
were highlighted as the most important through the PCA analysis in Chapter 4, section 4.4.2 
were combined with the seven geomorphological indices that were similarly highlighted as the 
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most important through the PCA analysis in section 5.4 were combined to make a final reduced 
set of just 13 independent variables (Table 5.9). The PLS models using this PCA reduced set of 
independent variables produced some models with a good level of predictive power. The 
variance explained within the independent variables (R
2
x) was consistently >19% for all four 
models. The R
2
y values varied between 10.08% for the BMWP score model and 31.5% for the 
LIFE F model. The Q
2
y values were similar with the BMWP score and LIFE O:E models having 
values of 9% and 9.85% respectively, meaning that the BMWP score model could only be used 
for exploratory purposes, whilst the LIFE O:E produced a value that meant it could be used as a 
predictive model.  The Q
2
y values for both ASPT and LIFE F were both much greater, 20.05% 
and 30.71% respectively, and so both models were able to be used as predictive models. 
 
The Habitat Quality Assessment Score was highlighted as the most influential independent 
variable within (highest VIP score = 2.18) the majority of the PLS regression models undertaken 
using the large Autumn dataset that included geomorphological indices within them. The PLS 
regression models containing just the hydrological indices generally highlighted a monthly 
median flow as the most influential variable. A selection of the VIP plots for the PLS regression 
models that used LIFE F scores as the dependent variable are presented below (Figure 5.13).  
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Figure ‎5.13 PLS regression model VIP plots for the Large Autumn dataset using LIFE F scores 
as the dependent variable and (a) hydrological variables, (b) geomorphological variables, (c) 
hydrological and geomorphological variables, (d) PCA reduced hydrological and 
geomorphological variables, as the independent variables 
 
 
Table ‎5.12 Summary of PLS regression models between the raw LIFE scores and various 
sets of hydrological and geomorphological indices for the LIFE S-LIFE F paired Autumn 
dataset. The most influential variable (highest VIP) in each model is also highlighted 
Dependent 
Variable 
Independent 
Variables 
No. of 
variables 
R
2
x(%) R
2
y(%) Q
2
y(%) Highest VIP 
LIFE S 
Hydrological 32 44.1 5.89 5.2 7 day minimum 
Geomorphological 21 22.01 38.6 37.42 HQA score 
Hydrological & 
geomorphological 
53 18.6 34.63 33.07 HQA score 
H&M PCA reduced 13 17.79 28.69 27.35 HQA score 
LIFE F 
Hydrological 32 44.16 7.46 6.81 
August median 
flow 
Geomorphological 21 21.84 39.39 37.91 HQA score 
Hydrological & 
geomorphological 
53 19.16 35.45 33.63 HQA score 
H&M PCA reduced 13 18.11 32.1 31.21 HQA score 
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Table 5.12 summarises the PLS regression model outputs between the raw Autumn LIFE 
scores (dependent variables) and the hydrological and / or geomorphological indices 
(independent variables) for the reduced, paired LIFE F - LIFE S dataset. The results of the PLS 
models are very similar for both LIFE F and LIFE S scores, with the R
2
x, R
2
y and Q
2
y values for 
the models using LIFE F as the dependent variable and those using LIFE S as the dependent 
variable produced very similar results. The models using the hydrological variables both 
explained >44% of the variance within the hydrological variables (R
2
x), however both the 
variance explained within the LIFE score (R
2
y) and the models predictive capability (Q
2
y) were 
both very low (<7.5% and <7% respectively) and thus were considered exploratory. The three 
models incorporating the geomorphological indices, the geomorphological indices alone, the 
combined set of hydrological and geomorphological indices and the PCA reduced set of indices 
all produced similar results for both models using LIFE F and LIFE S scores. The variance 
explained within the independent variables (R
2
x) was consistently >18%, the variance explained 
within the dependent variable (R
2
y) was >28% and the predictive capabilities of the models 
(Q
2
y) was >27%. The predictive capability of the models using LIFE F as the dependent 
variable was consistently higher (between 0.49% and 3.86%) than the equivalent models which 
used LIFE S scores as the dependent variable.   
 
The most influential variable (the highest VIP score) was consistently the HQA score, when it 
was included. Within the models that used only the hydrological variables the LIFE F model 
highlighted August median flow as the most influential variable, whilst LIFE S highlighted the 7-
day minimum as the most influential. The VIP plots for the PLS regression models that used the 
PCA reduced set of hydrological and geomorphological indices as the independent variables 
and the LIFE S and LIFE S scores as the dependent variables are presented below for 
comparison (Figure 5.14). 
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Figure ‎5.14 PLS regression model VIP plots for the LIFE F-LIFE S paired Autumn dataset using 
the PCA reduced hydrological and geomorphological variables, as the independent variables 
and (a) LIFE S, (b) LIFE F, as the dependent variable 
 
The predictive capabilities of the PLS regression models using the Spring data were very similar 
to that of the Autumn models. The PLS regression models created using the large Spring 
dataset with LIFE F scores being used as the dependent variable are presented below (Table 
5.12). If the R
2
x, R
2
y and Q
2
y values are compared to those obtained from using the large 
Autumn dataset (Table 5.10) very similar values were recorded, with the predictive capabilities 
of the models being comparable to those of the models using the Autumn dataset. 
 
Table ‎5.13 Summary of PLS regression models, between the LIFE F scores and various 
sets of hydrological and geomorphological indices for the large Spring dataset. The most 
influential variable (highest VIP) in each model is also highlighted 
Dependent 
Variable 
Independent 
Variables 
No. of 
variables 
R
2
x(%) R
2
y(%) Q
2
y(%) Highest VIP 
LIFE F 
Hydrological 32 46.04 10.06 9.47 1 day min 
Geomorphological 21 21.51 36.55 35.23 
Flow types 
sub score 
Hydrological and 
geomorphological 
53 23.04 31.96 30.73 
Flow types 
sub score 
H&M PCA 
reduced 
13 19.53 32.59 31.45 HQA score 
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Whilst the predictive capabilities of the Spring models are comparable to those of the Autumn 
models the most influential variables (highest VIP) vary, with the Autumn models consistently 
highlighting the HQA score as the most influential variable, the Spring models highlight the Flow 
type sub score as the most influential variable in two of the four models. The VIP plots for the 
models highlight Flow type sub-score as the most influential variable, the model using the 
geomorphological variables and the model using both the hydrological and geomorphological 
variables are presented in Figure 5.15. 
 
Figure ‎5.15 PLS regression model VIP plots for the Large Spring dataset using LIFE F scores 
as the dependent variable and (a) geomorphological variables, (b) hydrological and 
geomorphological variables, as the independent variables 
 
The predictive capabilities of the PLS regression models using the LIFE F - LIFE S paired 
Spring dataset (Table 5.13) were comparable to those of the Autumn equivalents (Table 5.11). 
The models using the hydrological indices as the independent variables were higher within the 
Spring models than the equivalent Autumn models, however the Q
3
y values were still <9.7% 
and thus the models should only be considered as exploratory. As with the Autumn models the 
models using the LIFE F scores as the dependent variable were higher than the equivalent 
models that used the LIFE S scores as the dependent variables (Table 5.13). With the 
exception of the model that used the hydrological indices as the independent variables the 
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predictive capability of the LIFE F models was >4% higher than those of the LIFE S models 
(Table 5.13).  
 
Table ‎5.14 Summary of PLS regression models, between the raw LIFE scores and various 
sets of hydrological and geomorphological indices for the LIFE S-LIFE F paired Spring 
dataset. The most influential variable (highest VIP) in each model is also highlighted 
Dependent 
Variable 
Independent 
Variables 
No. of 
variables 
R
2
x(%) R
2
y(%) Q
2
y(%) Highest VIP 
LIFE S 
Hydrological 21 44.74 7.87 7.27 1 day min 
Geomorphological 32 21.16 31.5 29.98 
HQA Trees&Ass. 
features sub score 
Hydrological and 
geomorphological 
53 21.91 27.86 25.87 
HQA Trees&Ass. 
features sub score 
H&M PCA 
reduced 
13 18.46 25.01 23.77 HQA score 
LIFE F 
Hydrological 21 44.76 8.49 7.73 1 day min 
Geomorphological 32 21.12 36.15 34.47 
HQA flow types sub 
score 
Hydrological and 
geomorphological 
53 21.76 31.45 29.46 
HQA flow types sub 
score 
H&M PCA 
reduced 
13 18.54 30.53 29.57 HQA score 
 
 
The most influential variable (highest VIP) differed to those highlighted within the Autumn 
models (Table 5.12) with HQA sub scores being highlighted as the most influential variable 
within the Spring models (as opposed to the overall HQA score), within the models using the 
geomorphological variables and both the hydrological and geomorphological variables (Tables 
5.14). For the LIFE S models the HQA trees and associated features sub-score was highlighted 
as the most influential, whilst for the LIFE F models it was the HQA flow types sub score (also 
highlighted in the models using the large spring dataset). Both models using the hydrological 
indices as the independent variables highlighted the 1-day minimum as the most influential 
variable, which differs to that seen in the equivalent Autumn models (Table 5.14). The models 
that used the PCA reduced set of hydrological and geomorphological as the independent 
variables highlighted the HQA score as the most influential variable, similarly to their Autumn 
equivalents (Table 5.14). The VIP plots for the PLS regression models that used the 
hydrological and geomorphological indices as the independent variables and the LIFE S and 
LIFE F scores as the dependent variables are presented below for comparison (Figure 5.16). 
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Figure ‎5.16 PLS regression model VIP plots for the LIFE F-LIFE S paired Spring dataset using 
the hydrological and geomorphological variables, as the independent variables and (a) LIFE S, 
(b) LIFE F, as the dependent variable 
 
5.6 Discussion 
Whilst previous research has highlighted that instream ecology is heavily dependent of river 
flow with the flow regime of a river structuring the macroinverebrate community composition 
which it supports, it is also important to note the role of river geomorphology. River 
geomorphology, whether it is natural or anthropogenically-altered, influences both the nature of 
the flow regime and the heterogeneity of its habitat, which both strongly structure the 
macroinvertebrate community composition. This chapter has extended the analyses presented 
within Chapter 4 with the continued analysis and examination of the relationships between river 
hydrology and ecology but additionally examines the influence of geomorphological variation, in 
the form of paired River Habitat Survey (RHS) data, on instream ecology. The results presented 
continue to highlight the influence of a river’s hydrological / flow regime on instream 
macroinvertebrate communities, as seen in previous research (e.g. Monk et al., 2006), but also 
highlights the significance of geomorphology in shaping these communities, also highlighted in 
previous research (Dunbar  et al., 2006, 2010a, 2010b; Dunbar and Mould, 2009). 
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Initial assessment of the geomorphological data, following a procedure similar to that 
undertaken on both the hydrological data and the ecological data (see Chapter 4), was 
undertaken using PCA in order to assess which of the geomorphological indices were the most 
statistically influential in defining the rivers geomorphology. The list of 21 geomorphological 
indices was reduced to seven, which were able to account for 99.4% of the variation 
(cumulative over the first two PCA axes) within the geomorphological data. The principal 
geomorphological components identified by this process comprised two habitat quality indices 
and five habitat modification indices.  From the seven geomorphological indices identified, five 
had been highlighted in previous research as playing an important role in structuring instream 
macroinvertebrate communities (HMS score, HQA score, channel resectioning, livestock 
poaching and bank features) (Dunbar and Mould, 2009). Bivariate correlations between the 
ecological indices (BMWP, ASPT, LIFE S, LIFE F and LIFE O:E) and the habitat quality indices 
and the habitat modification indices highlighted a number of significant correlations (highest five 
Pearson r values ranged between 0.220-0.440; p<0.01) with both positive and negative 
associations. The strongest correlations were recorded when the raw LIFE scores (both LIFE F 
and LIFE S) were used, with HQA score consistently having the most positive relationships and 
channel resectioning consistently having the most negative relationships. These relationships 
are similar to those documented in previous research (Dunbar and Mould, 2009).  
 
Multivariate analyses (CCA and PLS regression) were undertaken to explore which of the 
hydrological and the geomorphological indices were the most influential in explaining / 
predicting the macroinvertebrate community of a river. Both methods explored the hydrological 
and the geomorphological indices separately and in combination, with CCAs examining the raw 
macroinvertebrate community data and the PLSs examining a series of ecological indices 
(BMWP, ASPT, LIFE S, LIFE F and LIFE O:E). The CCAs consistently indicated that the 
geomorphological indices were able to account for >15% of the cumulative variation within the 
raw macroinvertebrate community data across the first four axes. This was greater than that 
explained by the hydrological indices. When combined the hydrological and geomorphological 
indices were able to explain more than the hydrological indices alone, but less than the 
geomorphological indices alone. The greatest cumulative percentage of variance was 
accounted for within the PCA reduced set of hydrological and geomorphological indices (13 
indices) accounted for 82.8% of the variation in the Autumn macroinvertebrate samples (Family 
level). The CCAs using family-level macroinvertebrate data consistently accounted for a higher 
percentage of variance across the first four axes compared to analyses that used the species-
level macroinvertebrate data. However, this may be due to the increased level of complexity 
within the species-level datasets (192 taxa at species-level versus 73 taxa at family-level) 
(Dunbar pers comm.). Seasonality appeared to have no significant influence on the outcome of 
the CCAs, with both the Autumn and the Spring analyses generating similar results and 
identifying similar indices as being the primary drivers in structuring the macroinvertebrate 
communities. Within all CCA ordination plots, a similar gradient related to the taxa’s LIFE flow 
group appeared to structure the distribution of the macroinvertebrate families / species, with 
those macroinvertebrates belonging to LIFE flow groups IV and V at one end of the axis and 
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those belonging to LIFE flow group I and II at the other. The distribution of the 
macroinvertebrates in the CCA ordination plots in relation to both the hydrological indices and 
geomorphological indices conforms to the findings of previous research (e.g. Monk et al., 2006; 
Dunbar et al., 2006). Within the CCA ordination for the hydrological indices, those 
macroinvertebrates belonging to LIFE flow groups IV and V (slow flow preferring taxa) are 
located in the direction of the low flows indices (e.g. fall rates and low pulse occurrences and 
durations), whilst those belonging to LIFE flow groups I and II (fast flow preferring taxa) are 
located in the direction of the high flow indices (e.g. rise rates, and high pulse occurrences and 
durations). The CCA ordination incorporating the geomorphological indices also supports 
previous research with macroinvertebrates belonging to LIFE flow groups IV and V (slow flow 
preferring taxa) being located in the direction of HMS score and channel resectioning indices, 
whilst those belonging to LIFE flow groups I and II (fast flow preferring taxa) are located in the 
direction of the HQA score index (Dunbar and Mould, 2009). This suggests that the LIFE 
methodology and metric is able to characterise the influence of hydromorphology (hydrology 
and geomorphology) on the instream community (Extence et al., 1999). 
 
Partial Least Squares regression models highlighted similar trends to that of the CCAs with the 
models created using geomorphological indices being able to predict a higher percentage of 
variance than both hydrological indices on their own or when hydrological and 
geomorphological indices were combined. Similarly, the most influential variables highlighted by 
both the PLS models and the CCAs were also consistently similar, with HQA score being 
highlighted as the primary index. Separate models were created using a number of both raw 
and standardised ecological indices, although the raw LIFE F and LIFE S scores consistently 
yielded models with the greatest predictive ability. PLS models using the hydrological indices 
and the raw LIFE scores consistently yielded lower Q
2
y values than 9.7% indicating that the 
models were unable to be used as predictive models, but could be considered exploratory 
(Eriksson et al., 1995). These findings are almost entirely consistent with the findings of Monk et 
al. (2012) who reported only LIFE S scores as yielding a predictive model (11.7%). In order to 
reduce the potential for model overfitting, caused by having a large number of redundant 
independent variables (Eriksson et al., 1995), models were created using the six hydrological 
indices and the seven geomorphological indices that had been identified as the principle 
components within the PCAs. These models, using 13 indices, compared to the full 53 
hydrological and geomorphological indices were able to predict a similar, although slightly 
lower, amount of the variation. In contrast to previous research (Monk et al., 2012) the models 
using LIFE F scores were able to consistently predict a greater percentage of variation to that of 
equivalent models using LIFE S scores. The PLS models, using the raw Autumn LIFE scores, 
HQA score was found to be the most influential independent variable within the models that 
incorporated geomorphological indices (the models incorporating all the geomorphological 
indices, those incorporating both the hydrological and geomorphological indices and the PCA 
reduced set of indices). The models using the ecological indices derived from Spring 
macroinvertebrate samples produced models that could predict a similar amount of variation, 
however some of the models highlighted the flow types and trees and associated features 
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indices as being the most influential independent variable, suggesting seasonal variability. This 
suggests that seasonality does not appear to affect the predictive capability of the model, but 
that the most influential variable within the model appears to be influenced by season. The 
ability for geomorphological information to help us explain / predict the composition and 
structure of macroinvertebrate communities compliments previous ecological-geomorphological 
studies, which have highlighted this same ability, using fish (Maddock and Bird, 1996; 
Arthington et al., 2010) and river birds (Vaughan et al., 2007). 
 
5.7 Summary 
This chapter has highlighted that geomorphological indices that quantify channel modification 
and channel heterogeneity, derived from RHS data, are able to help characterise and predict 
the macroinvertebrate community composition of a river. The results show that when 
geomorphological indices are used on their own, or in conjunction with select hydrological 
indices, they are able to explain a larger percentage of the ecological variance than when 
hydrological indices are used on their own. 
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Chapter 6 Sub-catchment scale eco-hydromorphological analysis 
6.1 Introduction 
River systems are naturally dynamic, heterogeneous environments providing a wide variety of 
habitat biotopes that support a wide range of different macroinvertebrate species (Beisel et al., 
2000). Riverine habitats and the communities which they support vary spatially within a reach in 
addition to different points throughout the river continuum (Vannote et al., 1980). In addition to 
spatial variation, river environments display distinct temporal variability with seasonal flow 
variations modifying habitat biotopes that influence the structure of the macroinvertebrate 
communities that occupy them (Hynes, 1975; Townsend et al., 1997; Armitage and Cannan, 
2000).   
 
Many of the world’s rivers have undergone anthropogenic modifications that alter the natural 
river environment (Newson and Sear, 2002). These anthropogenic modifications can vary 
greatly between rivers and even between reaches of the same river reducing the heterogeneity 
of the environment and modifying the flow regime, causing a loss of habitat variability, and 
reducing macroinvertebrate community diversity within the river (Copp et al., 1991; Sparks, 
1995; Wood et al., 1999; Pedersen et al., 2004). 
 
In this chapter the relationships between ecology, hydrology and geomorphology within two 
sub-river catchments (River Bain and River Lymn, Lincolnshire) are explored. The ecological 
analysis is based on macroinvertebrate samples quantifying community composition and 
different ecological indices. A total of 345 macroinvertebrate samples collected during three 
consecutive seasons (Autumn 2008, Spring 2009, Summer 2009) from a range of habitat 
biotopes (riffles, runs, pools) and from a range of stream orders (first, second, third) form the 
basis of the analysis. These were used in the analysis, allowing both temporal and spatial 
variation to be investigated. The physical analysis comprised 912 abiotic measurements, 
including point flow velocities (ms
-1
) and water chemistry (pH, temperature (°C), conductivity 
(µs) and dissolved oxygen content (mg/l)), allowing a direct analysis of both the ecological and 
the supporting physical data. Geomorphological data were derived from scores and sub-scores 
calculated from River Habitat Survey data, collected at each of the sample locations, allowing 
relationships between geomorphological, ecological and hydrological data to be investigated 
(see Chapter 3 for data collection methods). The research presented in this chapter provides a 
focused, (sub-catchment scale) micro-scale approach, exploring the relationships between 
ecology and hydrology over time and simultaneously demonstrating how instream 
geomorphology potentially influences these relationships. 
 
6.2 Chapter aims and objectives 
This chapter addresses thesis aims 6, 7 and 8 (Chapter 1, section 1.2) by exploring the 
relationships between ecology and hydrology focusing on the spatial (between habitat biotopes 
and stream order) and temporal (seasonality) variation within the macroinvertebrate 
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communities, river flow regime and water chemistry data collected at 15 sample sites within the 
sub-catchments of the River Bain and River Lymn, Lincolnshire. The influence of 
hydromorphology on the ecological-hydrological relationship will be explored in detail. The 
objectives of this chapter are: 
 
 To investigate whether hydrology or geomorphology, both individually or combined is 
the principal force structuring macroinvertebrate community composition; 
 
 To explore the relationships between instream macroinvertebrate communities and 
stream order (channel size); 
 
 To explore the relationships between instream macroinvertebrate communities and 
habitat biotope (riffles, runs and pools); 
 
6.3 Methodology 
6.3.1 Catchment information 
Following the construction of the investigation protocol outlined in Chapter 3 (section 3.4.1) the 
River Bain and River Lymn were selected from an original list of three candidate river 
catchments, with the third being the Waithe Beck.  
 
The two sub-catchments, River Bain and River Lymn, used in this micro-scale investigation are 
located in Lincolnshire, England, close to Horncastle, a small market town lying to the south of 
the Lincolnshire Wolds. Land use within both catchments is a mixture of arable and pastoral 
agricultural land, through which many of the first and second order streams that feed the main 
stems of each river flow. As a result, the vast majority of rivers have undergone channel 
resectioning, straightening and deepening, and are maintained through processes such as 
regular bank mowing and frequent channel dredging. The landscape is comprised of low hills 
and open valleys created during the last ice age through glacial processes and is underlain by 
both calcareous limestone and sandstone geology (Kent, 1980).  
 
The long-term hydrographs for both the River Bain and River Lymn depict the same temporal 
trends as those highlighted in Chapter 4 (Figure 6.1). The hydrographs follow a very similar 
pattern to each other; however the River Lymn’s discharge is consistently higher than that of the 
River Bain’s. 
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Figure ‎6.1 Long-term hydrographs (January 1985-July 2009) for both the River Bain (black line) 
and River Lymn (grey line) 
 
6.3.2 Sample site selection 
16 sample sites were selected following a preliminary survey of the two catchments. Sites were 
selected to enable the criteria of the methodology to be met, with sites ranging across first to 
third order streams, and reflecting a variable degree of stream modification. The degree of 
modification (none, maintained, capital) was guided by the three Ministry of Agriculture, 
Fisheries and Food (MAFF) ‘works’ classifications (none=no modifications, maintained=bank 
clearing and dredging, capital=channel deepening and straightening). Site suitability was 
established via the use of Ordnance Survey maps and reconnaissance visits to potential sample 
site locations. Three first order sites and three second order sites ranging across the MAFF 
‘works’ classification categories were selected. In addition, two third order stream sites, one 
classified as having maintained ‘works’ and another with capital ‘works’ were chosen within 
each of the catchments. After further assessment, the second order Double Dyke site on the 
River Lymn was deemed unsuitable for its inclusion within the analysis, due to extremely deep 
flows resulting in a lack of suitable riffle, run and pool habitats, and thus removed. 
6.3.3 Study sites 
The 15 sample sites selected for inclusion in the micro-scale study represent not only a gradient 
of variability with regards stream size, ranging from small first order tributaries to larger third 
order streams, but also varying levels of river modification (Figure 6.2). This section introduces 
each of the 15 sample sites describing both the channel and bank features and the riparian land 
use. 
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Figure ‎6.2 Map showing the locations of the 15 micro-scale sample sites located within the 
River Bain and River Lymn catchments 
 
River Bain sample sites 
Bain Belchford (first order, MAFF-none)  
A first order stream that flows through the small village of Belchford, MAFF classified the 
sample site as having undergone no ‘works’. Adjacent to the sample site is an Anglian Water 
monitoring station, upstream of the site the stream flows through a small channel between 
residential gardens and unused industrial land. Downstream of the site the stream flows through 
two culverts travelling underneath a road bridge. Downstream of the bridge the stream flows 
through pasture, grazed by both cattle and sheep, trees are abundant along both banktops. 
 
Bain Furzehills (first order, MAFF-maintained) 
A first order stream which MAFF classified as undergoing maintained ‘works’. At the sample site 
evidence of both channel dredging and bank weed cutting is apparent, with a steep bank 
running down into the small stream from horse grazed pasture (Figure 6.3). Upstream of the 
sample site the stream flows through agricultural land, flowing through a number of concrete 
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culverts, one of which is underneath a road bridge. Downstream of the sample site the river 
flows between several fishing ponds where it joins the main stem of the Bain. 
 
 
Figure ‎6.3 Photograph of the macroinvertebrate sample site, Bain Furzehills, a first order stream 
site (MAFF classification- maintained) 
 
Bain Scambelsby (first order, MAFF-capital) 
A first order stream which MAFF classified as having undergone capital ‘works’. The sample site 
is located just upstream of the confluence with another small stream. The stream flows through 
agricultural land within a steep sided channel with trees running along the top of both banks. 
The stream appears to be ephemeral with a dried streambed being witnessed during the low 
flow summer months, whilst collecting RHS data. 
 
Bain Miningsby (second order, MAFF-none) 
A second order stream that flows through the small settlement of Miningsby, MAFF classified 
the sample site as having undergone no ‘works’. The sample site is located just downstream of 
a road bridge and is neighboured by pasture grazed by cattle, on both bank tops. Upstream of 
the sample site the river flows under the road bridge and adjacent to the road for a short 
distance before the river diverts away from the road and flows through a small area of woodland 
before flowing through arable farmland within a resectioned channel. 
 
Bain Brook Farm (second order, MAFF-maintained) 
A second order stream which MAFF classified as having undergone maintained ‘works’. The 
stream flows along the bottom of a distinct valley, with adjacent land being used for both arable 
and pastoral farmland. Upstream of the sample site the stream flows under a road bridge and 
through more arable farmland.   
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Bain Scrivelsby (second order, MAFF-capital) 
A second order stream which MAFF classified as having undergone capital ‘works’. The sample 
site is located upstream of a road bridge, with the stream flowing through a rectangular, 
concrete lined culvert. The stream flows through a resectioned channel draining an area of 
arable farmland. 
 
Bain Goulceby (third order, MAFF-maintained) 
A third order stream which MAFF classified as having undergone maintained ‘works’. This third 
order site is the most upstream site within the River Bain’s catchment. The sample site is 
located just below a large concrete weir, where there is an integrated Environment Agency flow 
gauging station. Upstream of the sample site and weir the river meanders through pastoral 
farmland grazed by cattle. Downstream of the sample site the river takes a straightened course 
through arable farmland.  
 
Bain Hemingby (third order, MAFF-capital) 
A third order stream which MAFF classified as having undergone capital ‘works’, flowing 
through the outskirts of the small village of Hemingby. The sample site is located approximately 
110meters downstream of the Environment Agency’s own macroinvertabrate sample site. The 
river is contained within a deep sided resectioned, realigned channel, with weirs being located 
both upstream and downstream of the sample site. Adjacent land use consists of both pasture, 
grazed by cattle, and arable farmland (Figure 6.4). 
 
 
Figure ‎6.4 Photograph of the macroinvertebrate sample site, Bain Hemingby, a third order 
stream site (MAFF classification- capital) 
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River Lymn sample sites 
Lymn Harrington (first order, MAFF-none) 
A first order stream which MAFF classified as having undergone no ‘works’. It is a tributary of 
the Lymn’s main channel, joining the river just upstream of the Stockwith Mill sample site. 
Upstream of the sample site the stream flows through pastoral land grazed by cattle, 
downstream the river flows through similar pasture until it flows into the main stem of the River 
Lymn, under a road bridge. 
 
Lymn Salmonby (first order, MAFF-maintained) 
A first order stream which MAFF classified as having undergone maintained ‘works’. This is a 
small stream that runs through pastoral land. The cattle which graze the land are able to roam 
freely on both banks of the stream, as well as being able to enter the stream at any point 
(Figure 6.5). Downstream of the sample site the river flows into a large pond. 
 
 
Figure ‎6.5 Photograph of the macroinvertebrate sample site, Lymn Salmonby, a first order 
stream site (MAFF classification- maintained) 
 
Lymn Tetford (first order, MAFF-capital) 
A first order stream which MAFF classified as having undergone capital ‘works’. The sample site 
is located downstream of a road bridge under which the stream flows. Downstream of the 
sample site the stream flows through the village of Tetford with parkland and gardens 
neighboring the channel. Upstream of the sample site the stream flows under the road bridge 
and through woodland, adjacent to residential gardens. 
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Lymn Hagworthingham (second order, MAFF-none) 
A second order stream which MAFF classified as having undergone no ‘works’. The sample site 
is also one of the Environment Agency’s own macroinvertebrate sample sites. The stream flows 
through the outskirts of the village of Hagworthingham, with the sample site being located within 
the Furze Hill nature reserve (Figure 6.6). Downstream of the site the stream continues to flow 
through the nature reserve in which cattle are able to roam freely, crossing and entering the 
stream. Upstream of the sample site the river flows over a road, forming a ford, and then 
through woodland and scrubland. 
 
 
Figure ‎6.6 Photograph of the macroinvertebrate sample site, Lymn Hagworthingham, a second 
order stream site (MAFF classification- none) 
 
Lymn Somersby (second order, MAFF-maintained) 
A second order stream which MAFF classified as having undergone maintained ‘works’. The 
sample site is located just downstream of a road bridge, under which the stream flows. Both 
upstream and downstream of the sample site the stream flows through a mixture of woodland 
and pastoral land, grazed by cattle. 
 
Lymn Stockwith Mill (third order, MAFF-maintained) 
A third order stream which MAFF classified as having undergone maintained ‘works’. The 
sample site is also one of the Environment Agency’s own macroinvertebrate sample sites and is 
located just downstream of the Road bridge and the confluence with the Stockwith Mill tributary. 
Downstream of the sample site the stream flows through both arable farmland and grassland, 
whilst upstream the stream the river flows through the mill and into the mill pond. 
Lymn Partney (third order, MAFF-capital) 
A third order stream which MAFF classified as having undergone capital ‘works’. The sample 
site is also one of the Environment Agency’s own macroinvertebrate sample sites. It’s located 
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downstream of a series of two weirs, one of which is under a road bridge and the second is also 
an Environment Agency flow gauging station. The stream flows within a deep channel with 
steep banks, through arable farmland (Figure 6.7). 
 
 
Figure ‎6.7  Photograph of the macroinvertebrate sample site, Lymn Partney, a third order 
stream site (MAFF classification- capital) 
 
6.3.4 Fieldwork protocol 
Over three consecutive sample seasons (Autumn 2008, Spring 2009 and Summer 2009), a total 
of 345 macroinvertebrate samples and 912 abiotic measurements were taken at the fifteen 
sample sites. At all first and second order sample sites, nine 30-second Surber samples were 
collected, three replicates within each of the three biotopes being studied (riffle, run and pool) 
along with an additional 3-minute kick sample encompassing all three habitats (see Appendices 
6 and 7). Abiotic samples / measurements were collected / recorded at each of the three 
biotopes. Triplicate flow velocity measurements (ms
-1
) were taken at each of the biotopes, at 0.4 
times the water depth, along with pH, conductivity (µs), temperature (°C) and dissolved oxygen 
content (mg/l) paired with each macroinvertebrate sample (see Appendix 8 for abiotic 
measurements). At the four third order sample sites single kick samples were taken due to high 
water depths. In addition, physical characteristics of both the channel bed and banks were 
noted, with specific focus on substrate composition (% cobble, % gravel, % sand and % silt) and 
vegetation cover. 
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The hydrographs of both the River Bain and River Lymn (Figures 6.8 and 6.9) display similar 
patterns during the sample years (2008-2009), with high flows and low flows occurring at similar 
times. The Autumn 2008 samples were collected on the 15
th
 and 16
th
 October 2008, nearing the 
end of a 5 month period of stable flows, with the average discharges for the preceding ninety 
days of 0.201 m
3
s
-1
 and 0.272 m
3
s
-1
 for the Bain and Lymn, respectively. The Spring 2009 
samples were collected on the 14
th
 and 15
th
 April 2009, following a four month period 
(November 2008-February 2009) of highly variable flows. Maximums and minimums for these 
months were 1.81 m
3
s
-1
, 0.328 m
3
s
-1
 and 4.95 m
3
s
-1
, 0.327 m
3
s
-1
 for the Rivers Bain and Lymn, 
respectively. The sampling period occurred during a period of receding discharge. The Summer 
2009 samples were taken on the 24
th
 and 25
th
 August 2009 following a 5 month period of 
relatively stable flows, with average discharges for the preceding ninety days of 0.119 m
3
s
-1
 and 
0.231 m
3
s
-1
 for the Rivers Bain and Lymn, respectively. 
 
Figure ‎6.8 Hydrograph for the River Bain (January 2008-January 2010) covering the autumn 
2008, spring 2009 and summer 2009 macroinvertebrate sampling periods 
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Figure ‎6.9 Hydrograph for the River Lymn (January 2008-January 2010) covering the autumn 
2008, spring 2009 and summer 2009 macroinvertebrate sampling periods 
 
River Habitat Surveys (RHS) were carried out over a five day period during September 2009 to 
gather geomorphological data at the sample sites. Separate surveys were undertaken for each 
of the 16 sites, with every attempt to make the 6
th
 spot check coincide with the ecological 
sample site, when possible. The surveys were carried out following the RHS handbook 
guidelines with safe working practices being followed (Environment Agency, 2003). 
6.3.5 Analytical techniques 
A range of analytical techniques were used to explore the trends and relationships, both within 
and between the ecological and environmental data collected at the Rivers Bain and Lymn 
sample sites. Correlation analysis was used to identify relationships between ecological indices 
and environmental indices, whilst Analysis of Variance (ANOVA) was used to look at seasonal 
variation and differences between habitat biotopes of ecological indices. Canonical 
Correspondence Analysis (CCA) was used to explore how the environmental factors were 
linked to the macrovertebrate families and species found within the samples. Microsoft Excel, 
Statistical Package for Social Sciences (SPSS) and Canoco were used to undertake these 
analyses.  The ecological indices used within the analysis included the Biological Monitoring 
Working Party score (BMWP), ASPT, LIFE F (family-level) and LIFE S (species-level) and were 
calculated using the Species Diversity and Richness software (Henderson and Seaby, 2002). 
The LIFE observed:expected ratios (LIFE O:E) were calculated at the Environment Agency 
using the Hydro Ecological Validation tool (HEV) and the River Invertebrate Prediction and 
Classification System (RIVPACS) software. RHS scores and sub-scores were calculated using 
the CEH’s RAPID software, version 2.1 (see Chapter 3, section 3.4.5 for further details 
regarding the method). 
0
1
2
3
4
5
6
D
is
c
h
a
rg
e
 (
m
3
s
-1
) 
Date 
Autumn 
2008 
sampling 
period 
15th-16th 
October 
Summer 
2009 
sampling 
period 
24th-25th 
August 
Spring 
2009 
sampling 
period 
14th-15th 
April 
132 
 
6.4 Results 
The results section of this chapter is divided into three sections. The first section is an 
introduction to the flow regimes and macroinvertebrate communities of the two study 
catchments using historical flow and ecological data. The second section explores the variation 
in ecology over time between seasons and spatially between different habitat biotopes, whilst 
the third section introduces geomorphological data and explores the effects that variations in 
geomorphology have on ecology. The analysis presented in the second and third sections 
utilises the ecological, hydrological and geomorphological data collected during fieldwork, the 
protocol for which is outlined in section 6.3.4 
6.4.1 Long-term trends between flow and instream communities 
In order to explore the long-term trends between the hydrological regimes and the ecology of 
the two study catchments, the long-term (1986-2005) paired hydrological and ecological 
datasets were examined. Hydrological indices (see Table 3.1 for list) were calculated for both 
the River Bain and Lymn using flow gauge data from gauge 30011 (TF247795) on the River 
Bain, at Goulceby, and gauge 30004 (TF395674) on the River Lymn, at Partney. These indices 
were then standardised as z-scores (see Chapter 4, section 4.3.3) to allow the combined 
analysis of both the River Bain and Lymn sites. Ecological indices (LIFE F, LIFE S, LIFE O:E, 
BMWP and ASPT) were derived from Environment Agency macroinvertebrate kick samples 
collected at four sites within the River Bain’s catchment (Biscathorpe Ford, Dalderby, Hemingby 
and Thornton Bridge) and three sites within the River Lymn’s catchment (Partney, Salmonby- 
Somersby Road bridge and Stockwith Mill). 
 
Pearson’s bivariate correlation analysis was undertaken in order to explore the associations 
between the hydrological and the ecological indices. The output highlighted a number of 
significant correlations (p<0.05) with the strongest relationships (highest r values) being 
recorded between the LIFE O:E ratios and the monthly median flows and annual periods of 
minimum and maximum flows (1-day, 3-day, 7-day, 30-day and 90-day) (Table 6.1, Table 6.2 
and Figure 6.10). 
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Table ‎6.1 Results‎of‎the‎Pearson’s‎Correlation‎Coefficient‎test‎between‎ecological‎and‎
hydrological indices for Autumn samples. **p<0.01, *p<0.05 (bold text indicates the 5 
most significant correlations) 
AUTUMN SAMPLE 
INDICES 
BMWP 
score ASPT LIFE S LIFE F LIFE O:E 
September 0.063 0.157 0.206* 0.177 0.187* 
October 0.027 0.162 0.215* 0.179 0.185 
November 0.062 0.157 0.191* 0.144 0.151 
December 0.112 0.161 0.189* 0.167 0.180 
January 0.112 0.115 0.145 0.137 0.149 
February 0.123 0.187* 0.231* 0.224* 0.234* 
March 0.027 0.143 0.218* 0.218* 0.227* 
April 0.043 0.160 0.239* 0.255** 0.278** 
May 0.075 0.213* 0.275** 0.276** 0.297** 
June 0.064 0.167 0.233* 0.256** 0.281** 
July -0.024 0.174 0.273** 0.289** 0.307** 
August -0.062 0.170 0.277** 0.277** 0.294** 
1-day minimum 0.002 0.187* 0.263** 0.246** 0.261** 
3-day minimum 0.003 0.193* 0.268** 0.251** 0.266** 
7-day minimum 0.002 0.192* 0.265** 0.248** 0.263** 
30-day minimum -0.031 0.160 0.247** 0.226* 0.239* 
90-day minimum 0.008 0.183 0.270** 0.262** 0.280** 
1-day maximum 0.075 0.131 0.176 0.194* 0.208* 
3-day maximum 0.091 0.137 0.179 0.193* 0.208* 
7-day maximum 0.115 0.157 0.197* 0.200* 0.215* 
30-day maximum 0.171 0.188* 0.204* 0.201* 0.218* 
90-day maximum 0.131 0.179 0.217* 0.205* 0.220* 
Base flow index -0.121 -0.007 0.009 0.007 0.003 
Date minimum 0.082 0.091 0.075 0.092 0.103 
Date maximum -0.069 0.081 0.122 0.080 0.086 
Low pulse occurrences -0.064 -0.092 -0.132 -0.122 -0.136 
Low pulse duration -0.016 -0.165 -0.180 -0.193* -0.204* 
High pulse occurrences 0.119 0.251** 0.207* 0.186 0.200* 
High pulse duration -0.085 -0.030 0.048 0.073 0.076 
Rise rate -0.023 0.165 0.237* 0.220* 0.232* 
Fall rate -0.043 -0.197* -0.285** -0.276** -0.293** 
Reversals 0.059 0.123 0.172 0.187* 0.193* 
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Table ‎6.2 Results‎of‎the‎Pearson’s‎Correlation‎Coefficient‎test‎between‎ecological‎and‎
hydrological indices for Spring samples. **p<0.01, *p<0.05 (bold text indicates the 5 most 
significant correlations) 
SPRING SAMPLE 
INDICES 
BMWP 
score ASPT LIFE S LIFE F LIFE O:E 
March 0.066 0.144 0.194 0.158 0.162 
April -0.073 0.083 0.210* 0.247* 0.266* 
May -0.073 0.073 0.203 0.230* 0.247* 
June -0.048 0.115 0.247* 0.274** 0.293** 
July -0.047 0.129 0.239* 0.214* 0.224* 
August -0.005 0.118 0.198 0.180 0.189 
September 0.029 0.137 0.193 0.241* 0.261* 
October 0.071 0.268* 0.299** 0.339** 0.351** 
November 0.049 0.203 0.245* 0.268* 0.282** 
December 0.005 0.120 0.181 0.221* 0.237* 
January 0.039 0.119 0.151 0.199 0.219* 
February -0.049 0.108 0.225* 0.249* 0.271* 
1-day minimum -0.024 0.173 0.236* 0.270* 0.289** 
3-day minimum -0.019 0.179 0.247* 0.273* 0.291** 
7-day minimum -0.021 0.162 0.236* 0.256* 0.273** 
30-day minimum -0.018 0.148 0.217* 0.230* 0.246* 
90-day minimum -0.003 0.157 0.214* 0.222* 0.235* 
1-day maximum -0.018 0.072 0.187 0.217* 0.234* 
3-day maximum -0.005 0.127 0.222* 0.233* 0.247* 
7-day maximum 0.063 0.199 0.269* 0.265* 0.283** 
30-day maximum 0.040 0.144 0.191 0.205 0.220* 
90-day maximum 0.024 0.141 0.202 0.220* 0.236* 
Base flow index -0.031 0.081 0.088 0.109 0.117 
Date minimum -0.012 0.069 0.192 0.109 0.108 
Date maximum -0.024 0.015 0.089 0.101 0.114 
Low pulse occurrences 0.078 -0.092 -0.173 -0.190 -0.202 
Low pulse duration 0.020 -0.172 -0.242* -0.190 -0.192 
High pulse occurrences 0.074 0.160 0.179 0.160 0.173 
High pulse duration -0.179 -0.048 0.093 0.192 0.214* 
Rise rate -0.014 0.113 0.192 0.201 0.215* 
Fall rate 0.073 -0.154 -0.302** -0.317** -0.339** 
Reversals -0.110 -0.123 -0.027 -0.113 -0.125 
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Figure ‎6.10 Scatterplots demonstrating the relationships between LIFE O:E ratios and (a) 
August median discharge, (b) annual 3-day minimum discharge (m
3
s
-1
), prior to the Autumn 
sampling period, (c) February median discharge (m
3
s
-1
), and (d) annual 3-day minimum 
discharge (m
3
s
-1
), prior to the Spring sampling period. All hydrological indices have been 
standardised (z-scores). 
 
6.4.2 Ecological variation 
In order to explore both the temporal and spatial variation in community composition the 
macroinvertebrate samples and abiotic information gathered during the three seasonal sampling 
periods were examined. Species-level data from both the kick-sample and Surber samples were 
used, where appropriate, to explore the effects of seasonality, habitat type and stream size on 
macroinvertebrate community composition. 
 
Seasonality 
Oneway Analysis of Variance (ANOVA) with Tukey’s post-hoc tests were undertaken to explore 
the seasonal variation in both the macroinvertebrate kick samples and abiotic samples.  
Analysis of the abiotic variables highlighted significant (p<0.01) seasonal variation in flow 
velocities, dissolved oxygen and temperature. Average flow velocities were significantly 
(p<0.01) higher during the Spring 2009 sampling period compared to those measured during 
both the Autumn 2008 and Summer 2009 periods (Figure 6.11a). The levels of dissolved 
oxygen were found to be significantly (p<0.01) lower during the Autumn 2008 sample period 
(a) (b) 
(c) (d) 
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when compared to those of both the Spring 2009 and Summer 2009 periods (Figure 6.11b). 
Water temperature was also found to be significantly (p<0.01) higher during the Summer 2009 
sampling period when compared to those measured during the Autumn 2008 and Spring 2009 
sampling periods (Figure 6.11c). 
 
 
Figure ‎6.11 Error bar plots displaying the mean and 95% confidence intervals for (a) Average 
flow velocity, (b) Average dissolved oxygen, and (c) Average temperature, structured by season 
 
One-way ANOVA with Tukey’s post-hoc tests were undertaken to highlight seasonal differences 
in the ecological indices (Table 6.3). No significant differences in abundance and the number of 
different taxa present in the samples between seasons. However, significant (p<0.05) 
differences in LIFE O:E ratios (Figure 6.12a) and ASPT scores (Figure 6.12b) were recorded. 
The LIFE O:E ratios of the Summer 2009 macroinvertebrate samples were significantly lower 
than those of both the Autumn 2008 and Spring 2009 samples whilst the ASPT of the Autumn 
2008 samples were significantly lower than those of both the Spring and Summer 2009 
samples. 
 
 
 
 
 
(a) (b) 
(c) 
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Table ‎6.3 Analysis of Variance test results (presented F ratio and p values) of the 
seasonal variations in the ecological and abiotic measurements. **p<0.01, *p<0.05 
Measurements F p 
Abundance (log10) 0.391 0.679 
Number of taxa 0.095 0.910 
BMWP score 0.388 0.681 
ASPT 10.290 0.000** 
LIFE S 0.400 0.673 
LIFE F 3.874 0.029* 
LIFE observed:expected ratio 5.197 0.010* 
Average velocity 12.779 0.000** 
Average conductivity 1.789 0.182 
Average dissolved oxygen 10.074 0.000** 
Average pH 1.160 0.323 
Average temperature 66.753 0.000** 
 
 
Figure ‎6.12 Error bar plots displaying the mean and 95% confidence intervals for (a) LIFE O:E 
ratios, (b) ASPT scores, for all kick samples, structured by season 
 
Stream size (order) 
Analysis of variance (ANOVA) with Tukey’s post-hoc tests were undertaken to highlight 
significant differences between stream order in both the ecological indices (derived from the 
macroinvertebrate kick samples) and abiotic values (Table 6.4). Initially excluding season as a 
factor, samples from all three seasons were included within the analysis and then separate 
analyses were undertaken on each season individually. The grouped dataset highlighted that 
there were no significant differences in either the ecological or the abiotic data with regards to 
stream order. Similarly, no significant differences were recorded within the separate analyses of 
the Autumn 2008 and the Summer 2009 samples. However, the analysis of the Spring 2009 
samples highlighted significant differences between the number of different taxa recorded within 
first order sites and third order sites (p<0.05) (Figure 6.13a), the abundances recorded in first 
and second order sites (p<0.05) (Figure 6.13b) and the LIFE O:E ratios of the 
macroinvertebrate communities recorded at first and second order sites (p<0.05) (Figure 6.13c). 
 
(a) (b) 
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Table  6.4 Analysis of Variance test results (presented F ratio and p values) between the 
ecological and abiotic measurements and stream size (order) for each sample season 
separately and combined. **p<0.01, *p<0.05 (the 5 most significant relationships are 
highlighted in bold) 
 
All seasons Autumn Spring Summer 
Measurements F p F p F p F p 
Abundance 
(log10) 
6.058 0.005** 1.038 0.384 4.284 0.039* 2.719 0.106 
Number of taxa 7.823 0.001** 1.91 0.19 4.451 0.036* 2.358 0.137 
BMWP score 9.204 0.000** 3.128 0.081 9.59 0.003** 1.107 0.362 
ASPT 2.411 0.102 1.379 0.289 1.858 0.198 0.858 0.448 
LIFE S 2.162 0.128 0.409 0.673 6.841 0.010* 0.278 0.762 
LIFE F 1.785 0.18 0.323 0.73 7.283 0.008** 0.889 0.436 
LIFE O:E 2.103 0.135 0.529 0.602 5.926 0.016* 1.379 0.289 
Average velocity 0.297 0.744 2.181 0.156 0.741 0.497 0.437 0.656 
Average 
conductivity 
0.536 0.59 0.741 0.497 3.449 0.135 1.492 0.264 
Average 
dissolved 
oxygen 
0.133 0.876 2.873 0.096 0.3 0.753 0.169 0.846 
Average pH 1.119 0.336 4.999 0.026* 1.021 0.389 0.28 0.761 
Average 
temperature 
0.286 0.753 0.5 0.619 0.685 0.523 2.469 0.126 
 
 
 
Figure ‎6.13 Error bar plots displaying the mean and 95% confidence intervals for (a) Number of 
taxa, (b) Abundance (log10) and (c) LIFE O:E ratios, for Spring 2009 kick samples, structured 
by stream order 
(a) (b) 
(c) 
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Habitat 
Analysis of variance (ANOVA) with Tukey’s post-hoc tests were undertaken to explore the 
differences in both the ecological and abiotic data collected during the three sampling periods 
between three habitat biotopes (riffles, runs and pools). The abiotic measurements and the 
triplicate macroinvertebrate samples, collected via a Surber sampler at each of the biotopes at 
each of the first and second order sample sites, were used in the analysis. Initial tests combined 
data from each of the three sampling periods with secondary inter-seasonal tests being 
undertaken (Table 6.5). 
 
The initial analysis containing samples from all three of the seasons highlighted that there were 
no significant differences in the abiotic measurements. However, there were significant 
differences in both the number of taxa found and the LIFE scores calculated from the 
macroinvertebrate communities recorded within each of the three biotopes. The number of taxa 
recorded within riffle habitats was significantly higher than those recorded within the pool 
habitats (p<0.05) (Figure 6.14a). The family-level LIFE scores for all three of the habitat 
biotopes were significantly different (p<0.05) (Figure 6.14b) whilst the differences in the species-
level LIFE scores between the habitat biotopes was not as strong, with only significant 
differences (p<0.05) being recorded between riffles and the other biotopes (Figure 6.14c). 
 
Table ‎6.5 Analysis of Variance test results (presented F ratio and p values) between the 
ecological and abiotic measurements and habitat type for each sample season 
separately and combined.  **p<0.01, *p<0.05 
  All seasons Autumn Spring 
 
Summer 
Measurements  F p F p F p F p 
Abundance 
(log10) 
0.868 0.421 0.020* 0.980 2.397 0.096 0.537 0.586 
Number of 
taxa 
5.568 0.004** 0.429 0.652 2.087 0.130 5.049 0.008** 
BMWP score 5.044 0.007** 0.003** 0.997 2.808 0.065 4.493 0.014* 
ASPT 0.251 0.779 1.505 0.227 0.642 0.529 0.070 0.932 
LIFE S 8.658 0.000** 2.738 0.070 3.722 0.028* 3.710 0.028* 
LIFE F 19.748 0.000** 3.788 0.026* 7.209 0.001** 12.490 0.000** 
Average 
velocity 
1.164 0.314 4.938 0.009** 0.071 0.932 5.451 0.006** 
Conductivity 0.157 0.855 0.100 0.905 0.026* 0.974 0.048* 0.953 
Dissolved 
Oxygen 
3.224 0.041* 0.020* 0.980 3.907 0.025* 2.652 0.076 
pH 3.110 0.046* 0.015* 0.985 3.265 0.042* 0.014* 0.986 
Temperature 0.033 0.967 0.210 0.811 0.043* 0.958 0.002** 0.998 
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Figure ‎6.14 Error bar plots displaying the mean and 95% confidence intervals for (a) Number of 
taxa, (b) LIFE F scores and (c) LIFE S scores, for all Surber samples (collected Autumn 2008, 
Spring 2009 and Summer 2009), structured by habitat biotope 
 
A series of secondary analyses was undertaken to explore the abiotic and ecological samples 
from each of the three seasons separately. The flow velocities recorded at the three habitat 
biotopes were reported to vary significantly in both the Autumn 2008 and the Summer 2009 
samples (p<0.05). However, this same pattern was not displayed by the Spring 2009 flow 
velocities (Figure 6.15).  
 
Figure ‎6.15 Clustered error bar plot displaying the mean and 95% confidence intervals for the 
average velocities for the three biotopes (riffle, run, pool), generated from the Surber samples 
and structured by season. (black error bars represent riffles, dark grey error bars represent 
runs, light grey error bars represent pools) 
(a) (b) 
(c) 
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Whilst both the family-level and species-level LIFE scores were not significantly different 
between seasons, the intra-season pattern between the LIFE scores obtained from the different 
biotopes was consistent (Figure 6.16). The family-level LIFE scores calculated from the taxa 
lists obtained from the riffle samples were significantly higher (p<0.05) than those recorded from 
the pool sites, while the scores recorded at the run biotopes fell consistently between the riffle 
and the pool scores (Figure 6.16a). The species-level LIFE scores displayed a similar significant 
(p<0.05) pattern for all seasons (Figure 6.16b). 
 
 
 
Figure ‎6.16 Clustered error bar plots displaying the mean and 95% confidence intervals for (a) 
LIFE F scores for the three biotopes (riffle, run, pool) and (b) LIFE S scores for the three 
biotopes (riffle, run, pool), generated from the Surber samples and structured by season. (black 
error bars= riffles, dark grey error bars= runs, light grey error bars= pools) 
 
Detrended Correspondence Analysis (DCA) 
Multivariate Detrended Correspondence Analysis (DCA) was undertaken to explore the 
macroinvertebrate community composition and structure using the collected Surber sample 
data. Preliminary analysis highlighted that both rare species, those that appeared in only 1 
sample, with an abundance <2 and samples containing just 1 taxa were causing outliers within 
the outputs. Subsequently, rare species and samples containing 1 taxon were removed from 
further analyses. Analyses were initially undertaken using no covariable, however after plotting 
the DCA species values for the Bain and Lymn separately it became apparent that the samples 
from each river formed distinct clusters and thus ‘river’ was used as a covariable in subsequent 
analyses (Figure 6.17). Six separate DCAs were undertaken in total, with two analyses being 
carried out for each of the three sample seasons, one using family-level taxonomic 
macroinvertebrate data and the other species-level taxonomic macroinvertebrate data.  
 
(a) (b) 
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Figure ‎6.17 DCA ordination of Autumn 2008 macroinvertebrate samples (family-level), 
highlighting the differences between the Bain and Lymn samples 
 
The variance explained by the DCA axes was similar across the three sample seasons, at 
family-level taxonomic resolution with the first axes accounting for between 8.6% (Autumn 
2008) and 12.6% (Summer 2009). The variance explained by the DCA axes for the species-
level taxonomic resolution was consistently higher than those of the family-level DCAs for the 
same season. Table 6.6 summarises the percentage of the ecological community variance 
explained by the first four axes for all three seasons and for both family-level and species-level 
data. 
 
Table ‎6.6 Summary of the percentages of variance cumulatively explained by each of the 
first four DCA axes and their eigenvalues 
Season/Taxonomic 
resolution 
Axis 1 EIG Axis 2 EIG Axis 3 EIG Axis 4 EIG 
Autumn2008/Family 8.6% 0.3477 15.8% 0.2893 22.3% 0.2621 27.3% 0.2014 
Autumn2008/Species 11.1% 0.3948 19.8% 0.3097 25.8% 0.2160 30.8% 0.1767 
Spring 2009/Family 11.7% 0.2475 20.5% 0.1877 28.0% 0.1575 32.3% 0.0913 
Spring 2009/Species 12.4% 0.3866 21.9% 0.2943 29.3% 0.2297 33.9% 0.1425 
Summer 2009/Family 12.6% 0.3217 20.2% 0.1961 25.4% 0.1317 29.9% 0.1156 
Summer 2009/Species 13.9% 0.4058 22.8% 0.2616 29.1% 0.1822 33.2% 0.1214 
 
The first two axes of the DCA outputs for both the samples and the species were plotted to 
examine groups potentially structuring the macroinvertebrate communities. Three plots were 
created for: (i) habitat biotope (riffle, run and pool); (ii) MAFF ‘works’ classifications (none, 
maintained works and capital works); and (iii) RHS Habitat Modification Class (classes 1, 3, 4 
and 5). 
 
0
0.5
1
1.5
2
2.5
3
3.5
3 3.5 4 4.5 5 5.5 6 6.5
A
x
is
 2
 
Axis 1 
Bain
Lymn
143 
 
The DCA ordination biplots for the three sets of macroinvertebrate Surber samples (Autumn 
2008, Spring 2009 and Summer 2009) highlighted similar patterns. To display these patterns 
the biplots, generated from the Summer 2009 macroinvertebrate Surber samples (family-level 
data), are displayed. The difference between the communities from different habitat biotopes 
was explored by plotting the macroinvertebrate sample axis scores from each of the three 
habitat biotopes separately (axes 1 and 2) (Figure 6.18). A gradient along DCA axis 1 can be 
seen with pool samples displaying the lowest values and riffle samples displaying the highest, 
whilst the run samples are plotted across the pool and riffles samples. 
 
Figure ‎6.18 DCA ordination of Summer 2009 macroinvertebrate Surber samples (family-level), 
samples have been grouped according to which habitat biotope they were collected from (riffles, 
runs, pools) 
 
Figure ‎6.19 DCA ordination of Summer 2009 macroinvertebrate Surber samples (family-level), 
samples have been grouped according to their MAFF ‘works’ classification (none, maintained, 
capital) 
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A weaker pattern can be seen in Figure 6.19 where samples were grouped according to the 
MAFF ‘works’ classification, with those samples from sites classed as having undergone no 
‘works’ having higher DCA axis 2 scores than those of samples from sites that have undergone 
maintained or capital ‘works’, which fail to show a clear distribution. 
 
Figure ‎6.20 DCA ordination of Summer 2009 macroinvertebrate Surber samples (family-level), 
samples have been grouped according to their RHS Habitat Modification classes (1, 3, 4, 5) 
 
The weakest pattern is displayed in Figure 6.20, in which samples were grouped according to 
the RHS Habitat Modification class of the sample reach. No strong environmental gradient is 
apparent between sites of varying HM class suggesting that habitat type is likely to be the 
overriding driving force in the composition of the macroinvertebrate communities. 
 
 
Figure ‎6.21 DCA ordination of the taxa (family-level) collected in the Summer 2009 
macroinvertebrate Surber samples. Taxa have been grouped according to their LIFE flow group 
classification (I, II, IV), where applicable 
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Figure 6.21 displays the species DCA ordination biplot for the Summer 2009 (family level) 
samples. Families that are associated with slower flowing pool habitats, such as Sialidae can be 
found on the left of the biplot, with low values, whilst those families that associated with faster 
flowing riffle habitats, such as Simuliidae and Baetidae can be found on the right of the biplot, 
with high values. 
 
When comparing the three DCA sample biplots the strongest gradient between groups can be 
seen in the habitat biotope biplot (Figure 6.22). Therefore, the sample habitat biplots and the 
accompanying species biplots for the sample season have been created for both the Autumn 
2008 and Spring 2009 macroinvertebrate samples (family-level). Similar gradients can be seen 
in these biplots as already discussed for the Summer 2009 biplots. 
 
Figure ‎6.22 DCA ordination of Autumn 2008 macroinvertebrate Surber samples (family-level), 
samples have been grouped according to which habitat biotope they were collected from (riffles, 
runs, pools) 
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Figure ‎6.23 DCA ordination of the taxa (family-level) collected in the Autumn 2008 
macroinvertebrate Surber samples. Taxa have been grouped according to their LIFE flow group 
classification (I, II, IV), where applicable 
 
Within the Autumn 2008 data a gradient along DCA axis 1 can be seen ranging across the three 
sampled habitat biotopes (Figure 6.22). The axis however has been reversed to that of the 
Summer 2009 samples, with riffles generally having lower values and pools, higher values. The 
species plot has also been reversed (Figure 6.23), with macroinvertebrates associated with fast 
flowing riffle habitats, such as Rhyacophilidae having lower values and macroinvertebrates 
associated with slow flowing pool habitats, such as Sialidae having higher values. Whilst a weak 
gradient can is present there is a considerable overlap in taxa from different LIFE flow groups. 
 
Figure ‎6.24 DCA ordination of Spring 2009 macroinvertebrate Surber samples (family-level), 
samples have been grouped according to which habitat biotope they were collected from (riffles, 
runs, pools) 
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Figure ‎6.25 DCA ordination of the taxa (family-level) collected in the Spring 2009 
macroinvertebrate Surber samples. Taxa have been grouped according to their LIFE flow group 
classification (I, II, IV), where applicable 
 
The gradient displayed in the DCA ordination biplot for the Spring 2009 samples (Figure 6.24) is 
again not as clear as that displayed in the Autumn 2008 or the Summer 2009 biplots, with taxa 
from different LIFE flow groups overlapping. The gradient appears to involve both axes, with 
riffles having higher axis 1 values than pools. This pattern is also displayed in taxon plot (Figure 
6.25), with macroinvertebrates associated with fast flowing riffle habitats, such as 
Rhyacophilidae being positioned at the opposite end of the gradient to macroinvertebartes 
associated with slow flowing pool habitats, such as Hydrobiidae. 
 
DCA ordination biplots were created from the species-level macroinvertebrate sample data 
allowing the effects of taxonomic resolution of the macroinvertebrate data to be explored. The 
strongest gradient, as with the family-level data, was seen in the habitat biotope-grouped 
biplots, and thus the habitat biotope biplots have are displayed for the Autumn 2008, Spring 
2009 and Summer 2009 macroinvertebrate samples (Figures 6.26, 6.28 and 6.30 respectively), 
accompanied by their species biplots (Figures 6.27, 6.29 and 6.31 respectively).   
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Figure ‎6.26 DCA ordination of Autumn 2008 macroinvertebrate Surber samples (species-level), 
samples have been grouped according to which habitat biotope they were collected from (riffles, 
runs, pools) 
 
Figure ‎6.27 DCA ordination of the taxa (species-level) collected in the Autumn 2008 
macroinvertebrate Surber samples. Taxa have been grouped according to their LIFE flow group 
classification (I-IV) 
 
The Autumn 2008 species level data biplot (Figure 6.26) displays a similar gradient along DCA 
axis 1 than that displayed in the family level data biplot (Figure 6.22).  Axis 2 however appears 
to have been reversed. The taxon plot (Figure 6.27) displays a similar pattern than those 
presented by the family-level taxon plots, with macroinvertebrates associated with fast flowing 
riffle habitats, such as Rhyacophila dorsalis resembling the pattern created by the riffles 
samples and macroinvertebrates associated with slow flowing pool habitats, such as Sialis 
lutaria, resembling the pattern created by the pool samples in the sample biplot (Figure 6.26). 
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Figure ‎6.28 DCA ordination of Spring 2009 macroinvertebrate Surber samples (species-level), 
samples have been grouped according to which habitat biotope they were collected from (riffles, 
runs, pools) 
 
Figure ‎6.29 DCA ordination of the taxa (species-level) collected in the Spring 2009 
macroinvertebrate Surber samples. Taxa have been grouped according to their LIFE flow group 
classification (I-IV) 
 
The Spring 2009 species-level data biplot (Figure 6.28) displays a visually stronger gradient 
along DCA axis 1, ranging across the three sampled habitat biotopes, than that displayed in the 
family-level data biplot (Figure 6.24). The taxon plot (Figure 6.29) displays a similar pattern than 
those presented by the family-level taxon plots with macroinvertebrates associated with fast 
flowing riffle habitats, such as Rhyacophila dorsalis, resembling the pattern created by the riffles 
samples and macroinvertebrates associated with slow flowing pool habitats, such as Oulimnius 
spp., resembling the pattern created by the pool samples in the sample biplot (Figure 6.29). 
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Figure ‎6.30 DCA ordination of Summer 2009 macroinvertebrate Surber samples (species-level), 
samples have been grouped according to which habitat biotope they were collected from (riffles, 
runs, pools) 
 
Figure ‎6.31 DCA ordination of the taxa (species-level) collected in the Summer 2009 
macroinvertebrate Surber samples. Taxa have been grouped according to their LIFE flow group 
classification (I-IV) 
 
The Summer 2009 species-level data biplot (Figure 6.30) displays a similar gradient along DCA 
axis 1, ranging across the three sampled habitat biotopes, than that displayed in the family-level 
data biplot (Figure 6.18). The taxon plot (Figure 6.31) displays a similar pattern than those 
presented by the family-level taxon plots, with macroinvertebrates associated with fast flowing 
riffle habitats, such as Goera pilosa, being located on the right of the biplot, with high values, 
whilst those families that associated with slow flowing pool habitats, such as Sialis lutaria, being 
located on the right of the biplot with high values. 
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6.4.3 Influence of geomorphology on ecology 
Geomorphological differences within river channels and riparian land have been found to affect 
macroinvertebrate community composition. In order to explore the variation in community 
composition, the macroinvertebrate samples and abiotic information gathered during the three 
seasonal sampling periods were examined. Macroinvertebrate data from both the kick samples 
and Surber samples was used to explore the effects that geomorphological variation had on the 
macroinvertebrate communities and their composition. RHS data was used to generate the 
geomorphological indices used in the analysis (Table 6.7 and Table 6.8). 
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Table ‎6.7 Habitat Quality Assessment scores and sub-scores. Modified from RAPID software output 
Survey location 
HQA 
score 
Flow 
type 
Channel 
substrate 
Channel 
features 
Bank 
features 
Bank veg. 
structure 
Instream 
channel 
veg. 
Land-
use 
Trees & 
associated 
features 
Special 
features 
No. not 
visible 
records 
No. 
missing 
values 
Bain Belchford 57 11 7 7 8 11 3 1 10 0 0 0 
Bain Furzehills 21 2 1 0 0 12 2 0 3 0 60 0 
Bain 
Scambelsby 
48 3 8 0 8 12 1 0 12 4 0 0 
Bain Miningsby 40 9 3 4 4 10 4 1 5 0 0 0 
Bain Brook Farm 60 9 5 7 5 12 0 0 20 2 0 0 
Bain Scrivelsby 38 7 6 3 1 12 3 2 4 0 0 0 
Bain Goulcelby 48 8 5 4 8 12 5 0 6 0 8 0 
Bain Hemingby 37 8 4 2 0 12 5 0 6 0 11 0 
Lymn Harrington 47 6 5 5 4 12 2 0 13 0 15 0 
Lymn Salmonby 47 7 6 6 3 12 3 2 7 1 2 0 
Lymn Tetford 55 10 5 7 7 11 0 3 11 1 0 0 
Lymn 
Hagworthingham 
59 10 6 7 5 12 1 3 12 3 2 0 
Lymn Somersby 49 10 4 6 3 12 3 2 9 0 4 0 
Lymn Stockwith 
Mill 
50 11 5 5 3 12 2 1 10 1 12 0 
Lymn Partney 40 11 4 2 2 11 4 1 5 0 12 0 
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Table ‎6.8 Habitat Modification Scores and sub-scores. Modified from RAPID software output
Survey location 
HM 
Score 
HM 
class 
Culverts Reinforcement Resectioning 
Berms and 
embankments 
Weirs, 
dams, 
sluices 
Bridges Poaching Fords 
Outfalls and 
deflectors 
Bain Belchford 1500 5 400 280 800 0 0 0 20 0 0 
Bain Furzehills 3880 5 1200 0 2680 0 0 0 0 0 0 
Bain Scambelsby 2720 5 400 0 2320 0 0 0 0 0 0 
Bain Miningsby 2640 5 0 40 2200 0 0 400 0 0 0 
Bain Brook Farm 0 1 0 0 0 0 0 0 0 0 0 
Bain Scrivelsby 2390 5 130 0 2160 0 0 100 0 0 0 
Bain Goulceby 1130 4 0 80 240 0 600 200 10 0 0 
Bain Hemingby 3660 5 0 60 2800 0 600 200 0 0 0 
Lymn Harrington 0 1 0 0 0 0 0 0 0 0 0 
Lymn Salmonby 380 3 0 0 0 0 0 100 130 0 150 
Lymn Tetford 390 3 0 90 0 0 0 200 0 0 100 
Lymn 
Hagworthingham 
560 4 0 40 0 0 0 300 20 200 0 
Lymn Somersby 300 3 0 40 0 0 0 200 60 0 0 
Lymn Stockwith 
Mill 
2410 5 0 70 1640 0 600 100 0 0 0 
Lymn Partney 4040 5 400 560 2240 140 600 100 0 0 0 
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Habitat quality 
Bivariate Pearson’s correlation analysis was used to explore the relationships between the 
ecological indices (derived from the macroinvertebrate kick samples) and the RHS derived 
Habitat Quality Assessment (HQA) score and sub-scores (Table 6.9). Significant positive 
correlations were found between all four ecological indices included in the analysis (ASPT, LIFE 
S, LIFE F and LIFE O:E ratio) and the HQA scores and some sub-scores (Table 6.7).  All four 
indices were found to have significant positive correlations with HQA score. ASPT and the LIFE 
O:E ratio were significant to (p<0.05) whilst both the family and species-level LIFE scores were 
significant (p<0.01) (Figure 6.32).  
 
Table ‎6.9 Pearson’s‎Correlation‎Coefficient‎test‎results between ecological indices and 
RHS derived Habitat Quality Assessment (HQA) scores and sub-scores. **p<0.01, *p<0.05 
(bold text indicates the 5 most significant correlations) 
Indices ASPT LIFE S LIFE F LIFE O:E 
HQA score 0.329* 0.526** 0.421** 0.364* 
Bank vegetation 0.069 0.122 0.132 0.146 
Channel features 0.343* 0.452** 0.413** 0.367* 
Chanel substrate 0.137 0.215 0.121 0.071 
Flow types 0.375* 0.421** 0.371* 0.364* 
Instream channel vegetation 0.088 -0.246 -0.186 -0.127 
Land use 0.096 0.150 0.182 0.162 
Special features -0.084 0.157 0.032 -0.001 
Trees and associated 
features 
0.156 0.407** 0.308* 0.257 
Bank features 0.126 0.306* 0.230 0.167 
 
 
Figure ‎6.32 Scatterplots demonstrating the relationship between the RHS-derived Habitat 
Quality Assessment scores for the 15 study sites and (a) LIFE S, (b) LIFE F, calculated from the 
macroinvertebrate kick samples collected in Autumn 2008, Spring 2009 and Summer 2009 
 
Significant positive correlations were also recorded between the four ecological indices and the 
flow type sub-score. Additionally, both the family-level and species-level LIFE scores were 
found to have significant positive correlations with the tree sub-score (Table 6.9). All 
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correlations were found to be significant (p<0.05), with the exception of the species-level LIFE 
scores, which had a stronger correlation (p<0.01). 
Habitat modification 
Bivariate Pearson’s correlation analysis was used to explore the relationships between the 
macroinvertebrate community indices and the RHS-derived Habitat Modification (HM) score and 
sub-scores (Table 6.10). Significant negative correlations were found between all four 
ecological indices included in the analysis (ASPT, LIFE F, LIFE S and LIFE O:E ratio) and the 
HM scores and some sub-scores (Table 6.10). All four indices were found to have significant 
negative correlations with the HM score. ASPT and the LIFE O:E ratio were significant (p<0.05) 
whilst both the family-level and species-level LIFE scores were significant (p<0.01) (Figure 
6.33). Significant negative correlations were also found between the four ecological indices and 
both the resectioned bank and bed sub-score and the culverts sub-score.  
 
Table ‎6.10 Pearson’s‎Correlation‎Coefficient‎test‎results between ecological indices and 
RHS derived Habitat Modification Score (HMS) and sub-scores **p<0.01, *p<0.05 (bold 
text indicates the 5 most significant correlations) 
Indices ASPT LIFE S LIFE F LIFE O:E 
HM score -0.301* -0.400** -0.389** -0.333* 
Outfalls and deflectors 0.181 -0.074 0.048 0.055 
Berms and embankments 0.047 -0.001 -0.023 0.016 
Bridges 0.178 0.047 0.057 0.072 
Culverts -0.509** -0.354* -0.344* -0.333* 
Fords 0.024 0.198 0.044 0.038 
Poaching 0.144 -0.008 0.015 0.009 
Reinforcement 0.078 0.058 0.018 0.041 
Resectioning -0.352* -0.445** -0.429** -0.384** 
Weirs 0.312* 0.106 0.109 0.180 
  
 
Figure ‎6.33 Scatterplots demonstrating the relationship between the RHS-derived Habitat 
Modification Scores for the 15 study sites and (a) LIFE S, (b) LIFE F, calculated from the 
macroinvertebrate kick samples collected in Autumn 2008, Spring 2009 and Summer 2009 
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Canonical Correspondence Analysis (CCA) 
Canonical Correspondence Analysis (CCA) was undertaken in order to explore the relationships 
between 5 abiotic variables (average velocity, temperature, conductivity, pH and dissolved 
oxygen) and 16 geomorphological indices (RHS derived HMS and HQA scores and sub-scores) 
(listed in Table 6.11), and macroinvertebrate community composition and structure, using the 
collected Surber sample data. Four HM sub scores, fords, weirs, berms and embankments and 
outfalls and deflectors were removed from the analysis due to their rarity (≤30% occurrence rate 
across all sites) in order to reduce the overriding effect they had on the outputs. Samples 
grouped by stream order were found to vary (Figure 6.34) and therefore it was logical for 
‘stream order’ to be used as a covariable within the CCAs. 
 
Table ‎6.11 List of the abiotic variables and geomorphological indices and their 
abbreviations, included in the CCAs 
Abiotic variable/Geomorphological index Abbreviation 
Conductivity - 
Dissolved oxygen Oxygen 
pH - 
Temperature - 
Average velocity Velocity 
Habitat quality assessment score HQA_Score 
Flow type HQA_FT 
Channel substrate HQA_CS 
Channel features HQA_CF 
Bank features HQA_BF 
Bank vegetation structure HQA_BV 
Instream channel vegetation HQA_IV 
Land-use HQA_LU 
Trees and associated features HQA_T 
Special features HQA_SF 
Habitat modification score HM_Score 
Culverts HMS_C 
Reinforcement HMS_RI 
Resectioning HMS_RS 
Bridges HMS_B 
Poaching HMS_P 
 
157 
 
 
Figure ‎6.34 DCA ordination of Autumn 2008 macroinvertebrate Surber samples (family-level), 
highlighting the differences between the samples from first order and second order streams  
 
Six separate CCAs were undertaken between the abiotic variables and geomorphological 
indices and the Autumn 2008, Spring 2009 and Summer 2009 Surber samples with two 
analyses being carried out for each of the three seasons, one using family-level taxonomic 
resolution and the other species-level taxonomic resolution. Table 6.12 summarises the 
percentage of variance in the macroinvertebrate communities, explained by the first four CCA 
axes for all three seasons and for both family-level and species-level data. A similar percentage 
of the variation in the macroinvertebrate communities was explained by each of the six CCAs 
with the cumulative percentage of variance over the first four axes not varying >10%. The CCAs 
undertaken using the Spring 2009 data for both family-level and species-level data explained 
the greatest percentage of variance, and therefore the biplots are presented and discussed 
(Figures 6.35-6.38). The biplots for both Autumn 2008 and Summer 2009 samples displayed 
similar patterns and are presented in Appendix 9. 
 
Table ‎6.12 Summary of the percentages of variance explained by each of the first four 
CCA axes and their eigenvalues 
Season/Taxanomic 
resolution 
Axis 1 EIG Axis 2 EIG Axis 3 EIG Axis 4 EIG 
Autumn2008/Family 24.3% 0.3870 38.9% 0.2340 51.7% 0.2028 63.0% 0.1804 
Autumn2008/Species 23.0% 0.3815 39.4% 0.2733 52.6% 0.2193 63.5% 0.1800 
Spring 2009/Family 31.9% 0.2706 47.5% 0.1322 60.9% 0.1132 70.8% 0.0833 
Spring 2009/Species 31.3% 0.4299 49.1% 0.2442 61.1% 0.1655 71.9% 0.1478 
Summer 2009/Family 27.7% 0.3277 46.0% 0.2163 58.2% 0.1441 67.2% 0.1065 
Summer 2009/Species 23.1% 0.3355 41.1% 0.2612 54.9% 0.1996 64.5% 0.1399 
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The CCA between the 20 environmental variables (abiotic variables and the geomorphological 
indices, excluding conductivity and dissolved oxygen) and the Spring 2009 macroinvertebrate 
Surber samples (family level) explained a total of 70.8% of the variance seen with the first and 
second axes accounting for 31.9% and 47.5% respectively. The CCA between the same 
environmental variables and the Spring 2009 macroinverebrate Surber samples (species-level) 
explained a higher total variance with 71.9%. The first and second axes accounted for 31.3% 
and 49.1% respectively. Sample-environmental variable biplots (Figures 6.35 and 6.37) display 
the relationships between the macroinvertebrate samples and the environmental variables.  
Samples have been grouped by their RHS derived Habitat Modification class. The taxon CCA 
biplots have also been created (Figures 6.36 and 6.38) enabling the distribution of 
macroinvertebrate families and species to be assessed with regard to the abiotic and 
geomorphological indices. 
 
 
Figure ‎6.35 CCA ordination of macroinvertebrate Surber samples (family-level) and 
environmental variables for Spring 2009. Samples have been grouped according to the RHS 
Habitat Modification classification of their sample location 
 
A gradient is displayed in the CCA biplot for the Spring 2009 family-level sample data with the 
majority of those samples taken at sites that were classed as severely modified (Habitat 
Modification class 5) being positioned to the negative end of axis 1, whilst those samples taken 
from sites that were classed as pristine to significantly modified (Habitat Modification classes 1-
4) being positioned to the positive end of axis 1 (Figure 6.35). 
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Figure ‎6.36 CCA ordination of macroinvertebrate families and environmental variables for the 
Spring 2009 Surber samples 
 
 
Figure ‎6.37 CCA ordination of macroinvertebrate Surber samples (species-level) and 
environmental variables for Spring 2009. Samples have been grouped according to the RHS 
Habitat Modification classification of their sample location 
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The same gradient, although axis 1 is reversed, can be seen within the CCA biplot for the 
Spring 2009 species-level data (Figure 6.37) with a clear divide between samples collected at 
sites classed as severely modified and those collected at sites classed as between pristine and 
significantly modified.  
 
 
Figure ‎6.38 CCA ordination of the macroinvertebrate species and environmental variables for 
the Spring 2009 Surber samples 
 
Stepwise linear regression 
Stepwise linear regression was undertaken to examine which of the 5 abiotic indices and the 16 
RHS derived indices, as included within the CCA models (listed in Table 6.11), were the most 
influential in predicting the values of the ecological indices. Five separate models were 
produced, the 5 ecological indices (LIFE F, LIFE S, LIFE OE, BMWP, ASPT) derived from all 
kick sample data, from Autumn, Spring and Summer. All five models were statistically significant 
(p<0.001) with the LIFE F model producing the strongest relationship with an adjusted R
2
 of 
0.462. The predictor variables highlighted by the models varied between the models; however 
the HMS resectioning sub-score appeared in 4 of the 5 models being highlighted as having a 
negative correlation to increasing ecological indices values. Average flow velocity, HQA flow 
type sub-score and HQA score all featured within models as the primary predictor variable, 
highlighted as having positive correlations with the ecological indices values (Table 6.13). 
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Table ‎6.13 Summary of stepwise linear regression models for each of the ecological 
indices (derived from all kick samples) using the abiotic and RHS indices. (***p<0.001) 
Model 
Adjusted 
R
2 F 
No. of 
samples 
Predictor variables plus sign 
LIFE F 0.462 15.573*** 45 (-)HMS resectioning, (+)average velocity 
LIFE S 0.404 12.526*** 45 (+)HQA score, (-)average conductivity 
LIFE OE 0.343 9.879*** 45 (+)average velocity, (-)HMS resectioning 
BMWP 0.264 13.215*** 45 (+)Flow type 
ASPT 0.405 12.587*** 45 
(-)HMS resectioning,(+)average dissolved 
O2 
 
 
Additional stepwise linear regression models were created for the three sample seasons 
(Autumn 2008, Spring 2009 and Summer 2009) separately to allow for seasonal variations to be 
identified (Table 6.14). All models were statistically significant (at least p<0.05) with the 
exception of the Autumn LIFE O:E and Summer BMWP models, which were unable to produce 
models. Seasonal variation is apparent with variability among which of the 5 ecological indices 
produces the most significant model and which of the abiotic and geomorphological indices is 
the main predictor variable. The raw LIFE S scores produced the most statistically significant 
model within the Autumn data (R
2
 = 0.496) whilst LIFE O:E produced the most statistically 
significant model within the Spring data (R
2
 = 0.419). LIFE O:E again produced the most 
statistically significant model within the Summer data (R
2
 = 0.401) (Table 6.14). Within the 
Autumn models HQA score was highlighted as being the main predictor of the raw LIFE scores, 
whilst flow types were highlighted as the main predictors in the Spring models. Average 
conductivity and bank features were highlighted as the main predictors of LIFE F and LIFE S in 
the Summer models, respectively. The two models (Autumn and Spring) using BMWP both 
highlighted flow types as being the main predictor variable, whilst ASPT highlighted culverts as 
the main predictor in both the Autumn and Spring models and resectioning in the Summer 
model.  
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Table ‎6.14 Summary of stepwise linear regression models for each of the ecological 
indices (derived from kick samples) using the abiotic and RHS indices for samples 
collected during Autumn, Spring and Summer sample periods. (*p<0.05, **p<0.01) 
AUTUMN 
    
 
Adjusted 
R
2 F 
No. of 
samples 
Predictor variable plus sign 
LIFE F 0.271 6.216* 15 (+)HQA score 
LIFE S 0.496 14.803** 15 (+)HQA score 
LIFE O:E - - 15 - 
BMWP 0.355 8.712* 15 (+)flow type 
ASPT 0.267 6.100* 15 (-)culverts 
SPRING 
    
 
Adjusted 
R
2 F 
No. of 
samples 
Predictor variable plus sign 
LIFE F 0.367 9.125* 15 (+)flow types 
LIFE S 0.243 5.493* 15 (+)flow types 
LIFE O:E 0.419 11.105** 15 (+)flow types 
BMWP 0.303 7.085* 15 
(+)flow types 
 
ASPT 0.440 12.012** 15 (-)culverts 
SUMMER 
    
 
Adjusted 
R
2 F 
No. of 
samples 
Predictor variable plus sign 
LIFE F 0.313 7.366* 15 (-)ave conductivity 
LIFE S 0.220 4.948* 15 (+)bank features 
LIFE O:E 0.401 10.383** 15 (-)ave conductivity 
BMWP - - 15 - 
ASPT 0.344 8.332* 15 (-)resectioning 
 
6.5 Discussion 
This chapter employed a sub-catchment approach to investigate the influence of 
hydromorphology on instream ecology and to also compliment the macro-scale analysis 
presented in previous chapters (Chapters 4 and 5). This micro-scale investigation has 
predominantly used primary data to investigate the eco-hydromorphological relationship and as 
such has enabled some limitations of the macro-scale investigation to be reduced.   
 
Initial assessment of the hydroecological relationships within the two study catchments (Rivers 
Bain and Lymn), using 7 Environment Agency BIOSYS sites located within the Bain and Lymn 
catchments and NRFA flow gauge data, highlighted that the monthly mean flows preceding the 
biological sampling periods and the duration of maximum and minimum flows yielded the 
strongest correlations with ecological indices.   
 
The temporal and spatial variation in both the ecological and abiotic data was explored through 
the use of Analysis of Variance techniques. Significant seasonal variation was reported between 
flow velocities and water temperatures (p<0.01). Flow velocity was reported as being 
significantly greater during the Spring 2009 sampling period when compared to those 
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experienced during both the Autumn 2008 and Summer 2009 sampling periods. This follows the 
pattern highlighted in the annual hydrographs (Figure 6.1) coinciding with the receding flows 
that follow the high flows of the Winter months. As for the seasonal variation in the ecological 
indices scores, both the raw LIFE F scores and LIFE O:E ratios were significantly higher for 
both the Autumn 2008 and Spring 2009 samples than those of the Summer 2009 samples. This 
potentially highlights the extended period of stable low flows that were experienced prior to and 
during the Summer 2009 sampling period and reflecting the flow velocity preferences of 
macroinvertebrates, highlighted in the LIFE score methodology (Extence et al., 1999). 
 
Spatially, the variation in the ecological and abiotic data was investigated resulting from stream 
size (order) and between habitat biotopes (riffle, run, pool). The size of the stream (first - third 
order) only significantly influenced the macroinvertebrate communities during Spring 2009 and 
when samples from all sampling periods were combined. For these samples significant 
differences in abundance, number of taxa, BMWP score, ASPT, raw LIFE F and LIFE S scores 
and LIFE O:E ratios from streams of differing size (order) were highlighted. The number of taxa 
(number of different species) was observed to increase with increasing stream size, whilst both 
abundance and LIFE scores were observed to be greatest in second order streams. The 
variations in the ecological data between different habitat biotopes produced the clearest 
patterns, with riffles supporting significantly more diverse macroinvertebrate communities 
(p<0.01), followed by runs and pools. The raw LIFE F and LIFE S scores also produced a 
similar pattern with riffle communities, yielding significantly higher scores than the run and pool 
communities (p<0.01); run communities yielded the second highest raw LIFE scores, followed 
by the pool communities, which generated the lowest. These findings support previous research 
on the variations in the macroinvertebrate communities found within different habitat biotopes 
(Tolkamp, 1980; Wright et al., 1983; Armitage et al., 1995; Minshall and Robinson, 1998; 
Lancaster and Belyea, 2006; Hill et al., in press). The cause of this pattern is apparent when the 
average flow velocities for the three habitat biotopes are taken into account, which highlighted 
that the fastest flow velocities were experienced in the riffle habitats, followed by the runs and 
the pools. This again emphasises the important hydroecological relationships and the strength 
of the LIFE score methodology (Extence et al., 1999). 
 
Hydroecological patterns were explored using DCA involving the raw macroinvertebrate 
community data at both family-level and species-level. The variance explained by the first four 
DCA axes was similar for all DCAs, regardless of season and taxonomic resolution with ~30% 
of the variation able to be explained. The DCAs highlighted a gradient within the samples being 
driven by habitat biotope with samples collected from riffles being most dissimilar to those 
collected from pools. This emphasises the habitat-LIFE score relationship discussed earlier, 
which is also present in the DCA taxon plots, with a gradient from slow flow-preferring taxa 
(LIFE flow groups IV - V) to fast flow-preferring taxa (LIFE flow groups I - II). 
 
The influence of geomorphology on the ecological communities was assessed through both 
correlation analysis and CCA. Significant correlations were highlighted between all of the tested 
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ecological indices and some geomorphological indices; however the strongest associations 
were recorded between the geomorphological indices and the raw LIFE S and LIFE F scores. 
The correlations between the ecological indices and the habitat quality indices were 
predominantly positive, whilst the correlations between the ecological indices and the habitat 
modification indices were predominantly negative. With regards to habitat quality indices, the 
most significant correlations (all positive p<0.01) were between the raw LIFE scores and the 
HQA score, channel features, flow types, and trees and associated features, supporting the 
work presented in the previous chapter (Chapter 5). The most significant correlations (p<0.01) 
within the habitat modification indices were between the raw LIFE scores and the Habitat 
modification score, channel resectioning and culverts, although both ASPT and LIFE O:E ratios 
also generated significant correlations (p<0.01). The positive correlations between habitat 
quality and LIFE scores and the negative correlations between habitat modification and LIFE 
scores support both the findings of the research presented in the previous chapter (Chapter 5) 
and also previous eco-hydromorphological research (Dunbar et al., 2006; Dunbar and Mould, 
2009; Dunbar et al., 2010a, 2010b). CCAs were undertaken to explore which of the abiotic and 
geomorphological indices were the most influential in structuring the raw macroinvertebrate 
community data. The percentage of variance within the community data explained over the first 
four CCA axes was similar for the datasets for each of the 3 seasons, with the CCA using the 
Spring 2009 data being able to explain the greatest amount of variance over the first four axes 
(>70%). The resolution of the taxonomic data had a variable effect on the amount of variance 
explained, with the species-level Autumn 2008 and Spring 2009 datasets being able to explain 
a greater amount of variance over the first four CCA axes than their family-level counterparts. 
Within the CCA ordinations the ecological communities were structured by both abiotic and 
geomorphological indices.  Average flow velocity appears to be the most influential abiotic index 
followed by temperature, both of which are known to influence macroinvertebrate communities 
(e.g. Extence et al., 1999; Durance and Ormerod, 2007). The geomorphological indices were 
widely distributed over the plots, with the habitat quality indices predominantly being located to 
the opposite side of the plots to the habitat modification indices. By grouping the samples in 
accordance to the habitat modification class (HM classes 1-5) to which they belong, a clear 
gradient from the most pristine (HM class 1) sampling sites to the most highly modified (HM 
class 5) sampling sites was highlighted.   
 
The use of abiotic and geomorphological indices as predictors of the ecological communities 
was explored using stepwise multiple linear regression (SMLR). The SMLR models were 
generated using the ecological indices (LIFE F, LIFE S, LIFE O:E, BMWP and ASPT) calculated 
from all the kick sample data (Autumn 2008, Spring 2009 and Summer 2009 samples 
combined) were all significant (p<0.001) with adjusted R
2
 values of between 0.264 (BMWP) and 
0.462 (LIFE F). The models highlighted both channel resectioning and average flow velocity as 
strong predictors of the ecological indices, occurring within the majority of the models. These 
relationships support both the hydrological-ecological relationships (Extence et al., 1999; Monk 
et al., 2006, 2007, 2008) and the geomorphological-ecological relationships, (Dunbar et al., 
2006; Erba et al., 2006; Dunbar and Mould, 2009; Dunbar et al., 2010a, 2010b) reported in 
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previous research. Additional SMLR models were generated with sampling season grouping the 
models. The models for each of the seasons performed comparatively similar to each other, 
however the models highlighted that there was an amount of seasonal variation with regards the 
predictor variables.  The Autumn models highlighted HQA score as the primary predictor whilst 
the Spring models highlighted flow types (e.g. smooth, unbroken standing waves). This 
seasonal variation in the primary predictor suggests that Spring macroinvertebrate communities 
may be influenced by the increased variation in flow generated by higher discharges and faster 
flow velocities, compared to that experienced by Autumn communities. This relationship 
between flow types and macroinvertebrate community composition supports the findings of 
previous research (Reid and Thoms, 2008; Hill et al., in press) in which variations between the 
macroinvertebrate assemblages collected in areas of different flow types were reported. This 
suggests that whilst the HQA score, which is a combined score of all of the RHS derived habitat 
quality sub-scores, is highly useful in the assessment and prediction of macroinvertebrate 
community compositions within a surveyed reach, the use of the flow type index independently 
may also provide a good indication of the macroinvertebrate communities. 
 
6.6 Summary 
The aim of this sub-catchment study was to compliment the macro-scale study presented in the 
previous two chapters (Chapters 4 and 5) by further exploring the influence of hydromorphology 
on macroinvertebrate communities. The results presented in this chapter have further 
highlighted that riverine macroinvertebrate communities are structured by both hydrological and 
geomorphological processes and that it appears that geomorphology is actually more influential 
than hydrology in structuring macroinvertebrate communities for the lowland rivers included 
within this study. It has also highlighted that the principal drivers structuring the 
macroinvertebrate communities may be influenced temporally (seasonality), spatially, (between 
habitat biotopes) and may also be influenced by stream size. 
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Chapter 7 Conclusion: eco-hydromorphology 
7.1 Introduction 
The research presented in this thesis has explored the influence of hydromorphology (hydrology 
and geomorphology) on riverine macroinvertebrate communities. This chapter discusses the 
findings of the research presented in the preceding three results chapters (Chapter 4-6) in 
relation to published research on this rapidly developing field of study and the overall aims and 
objectives of this thesis. The chapter provides a summary overview of the thesis and identifies 
areas where future research may be beneficial within the sub-discipline of eco-hydromorphology 
for both pure and applied management and conservation purposes. 
 
7.2 Fulfilment of aims 
The principal aim of the research presented in this thesis was to explore role that 
hydromorphology plays in structuring riverine macroinvertebrate communities. The thesis aims, 
identified in Chapter 1, have been fulfilled through the objectives outlined in the results chapters 
(Chapters 4, 5 and 6) and are summarised below:  
 
 To explore the spatial and temporal variation in the hydrological data from each of the 
28 flow gauges included in the macro-scale study (Chapter 4).   
 
Examination of the long-term hydrological data of the 28 flow gauges highlighted the annual 
patterns typical of UK/temperate maritime environments (Ekstrom and Jones, 2009) with high 
flows occurring during the winter months and low flows occurring during the summer months. 
The examination of the data also highlighted historically extended periods of high (flood / spate) 
and low flows (drought), which were experienced during the period of study (e.g. Hannaford and 
Marsh, 2006, 2008). 
 
 To explore the level of redundancy in a suite of candidate hydrological indices 
characterising the flow regimes of the 28 gauging stations (Chapter 4). 
 
From the original list of 47 hydrological indices, consisting of the Indicators of Hydraulic 
Alteration (IHA) (Richter et al., 1996) and others, reported to be ecologically important or 
relevant in the UK (Wood et al., 2000; Monk et al., 2006), it was found that only six indices could 
be used to characterise the river flow regimes. These six indices were not only able to 
characterise the flow regimes; they could also be used to model the long term hydrographs 
(1986-2005) of the rivers. 
 
 To combine the most highly influential and descriptive hydrological indices to create 
new indices (PCA axis scores) that can be used in the analysis of hydrological and 
ecological data (Chapter 4). 
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Hydroecological analysis using PCA axes scores, derived from the analysis of the hydrological 
indices, and the ecological indices (LIFE S, LIFE F and LIFE O:E) all yielded statistically 
significant results (p<0.01). The strength of the relationship using PCA axes scores were 
comparable to those reported for raw hydrological indices in association with ecological indices. 
This provides strong evidence that river flow regime variability was structuring the instream 
macroinvertebrate community (as characterised by the LIFE score).  
 
 To explore the spatial and temporal variation in the ecological data from each of the 88 
macroinvertebrate sample sites included in the macro-scale study (Chapter 4). 
 
The assessment of the ecological data, collected from the 88 study sites, over the 20 year study 
period (1986-2005) identified strong temporal patterns within the macroinvertebrate community 
composition association with periods of high flow and drought in the UK. Distinct spatial patterns 
were identified for the macroinvertebrate community from Anglian Northern and Central regional 
sites. This suggests that there are distinct biogeographical differences between the two regions.   
 
 To explore how the taxonomic resolution (family level and species level) of the 
macroinvertebrate data potentially influence the spatial and temporal patterns (Chapter 
4). 
 
Similar spatial and temporal patterns were present in both the family-level and species-level 
taxonomic data. However, analyses using family-level data consistently yielded stronger 
relationship. This is potentially the result of the increased complexity within the species-level 
data (192 taxa at species-level versus 73 taxa at family-level). 
 
 To explore how the spatial and temporal variation in river flow regime influences the 
macroinvertebrate communities recorded (Chapter 4). 
 
The strong temporal patterns recorded within the macroinvertebrate community appeared to be 
structured and reflect the pattern displayed by the hydrological data, suggesting that the 
composition of macroinvertebrate communities was responding to alterations in the hydrological 
variability. 
 
 To highlight the principal descriptors of geomorphological variability amongst the 
studied river sites (Chapter 5). 
 
The analysis of the geomorphological indices, derived from RHS data, was used to characterise 
the rivers studied in the thesis following a similar procedures used to analyze the hydrological 
data. From a total of 21 geomorphological indices it was possible to reduce the number of 
variables within the analysis to only seven following the redundancy analysis approach. 
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 To investigate how instream macroinvertebrate communities are influenced by changes 
in riparian catchment land use and instream channel management activities, via the 
examination of geomorphological data from RHS (Chapters 5 and 6). 
 
The results of the analysis identified that macroinvertebrate communities were highly sensitive 
to geomorphological variability, with a strong relationship with both the level of habitat 
modification and the level of habitat quality being highlighted. In most instances the 
geomorphological variables had a greater influence on the ecological variables than the 
comparable hydrological analysis (Chapter 4 and Chapter 5).  
 
 To investigate whether hydrology or geomorphology, both individually or combined is 
the principal force structuring macroinvertebrate community composition (Chapters 5 
and 6). 
 
Analysis highlighted strong associations between the instream macroinvertebrate communities 
and fluvial geomorphology and hydrology, both individually and combined. The results 
demonstrate that hydromorphology is a significant factor in structuring the macroinvertebrate 
communities.  
 
 To explore the relationships between instream macroinvertebrate communities and 
stream order (channel size) (Chapter 6). 
 
The analysis of macroinvertebrate communities across a range of stream orders (first - third) 
identified stream order as having relatively little influence in the structuring and composition of 
macroinvertebrate communities compared to other geomorphological (RHS derived) and levels 
of management considered.  
 
 To explore the relationships between the instream macroinvertebrate communities and 
habitat biotope (riffles, runs and pools) (Chapter 6). 
 
The analysis of macroinvertebrate communities, from a range of habitat biotopes (riffles, runs 
and pools), highlighted that different habitat biotope were able to support unique 
macroinvertebrate community structures and compositions. 
 
7.3 Variability 
This thesis has attempted to examine both the spatial and temporal variability of ecological, 
hydrological and geomorphological datasets via a regional macro-scale investigation and a 
detailed catchment, micro-scale investigation. This following section discusses the key patterns 
highlighted during the analyses (Chapters 4, 5 and 6). 
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7.3.1 Hydrological variability 
River flow regimes are defined by a complex interaction of geology, morphology and climate 
(Potter, 1991; Arnell, 1992a, 1992b; Poff, 2002; Bower et al., 2004) and as a result are variable 
across both time and space. This interaction can be altered through anthropogenic processes, 
such as water abstractions and impoundments, and thus can alter the natural flow regime (Petts 
and Bickerton, 1994; Acreman et al., 2009). The long term river flow data from 28 Environment 
Agency gauges were examined in Chapter 4, both in their raw form and through the calculation 
of 47 hydrological indices. Analysis of both the raw data and the hydrological indices highlighted 
the periods over the 20 year study period (1986-2005) that were characterised by low and high 
flows (Cross et al., 1995; Marsh and Turton, 1996; Hannaford and Marsh, 2006, 2008). The 47 
hydrological indices, which had been reported as being ecologically relevant (Richter et al., 
1996; Poff et al., 1997; Wood et al., 2000; Monk et al., 2006), were used in Principal 
Components Analysis (PCA) to highlight which of the 47 indices were the most significant in 
structuring the flow regimes of the studied rivers. The results indicate that the duration of (1) 
maximum and (2) minimum flows, (3) base flow, (4) the frequency of low flows and (5) fall rate 
and (6) rise rate, were the principal components (variables) structuring the flow regimes of the 
studied rivers. These findings support previous research in the UK using the Indicators of 
Hydrological Alteration (IHA) variables and other hydrological indices in the exploration of the 
temporal and spatial variability in river flow regimes (e.g. Monk et al., 2006, 2008). The 
identification of the six indices as the principal components in structuring river flow regimes 
could lead to an increased ability for river managers and hydrologists to be able to explore and 
classify river flow regimes. However, the principal components may be geographically 
dependent and thus the examination of the larger set of IHA indices (sensu Richter et al., 1996) 
may be more appropriate in the first instance. 
7.3.2 Ecological variability 
Ecological variability has been well documented over a range of spatial and temporal scales, 
from national, meso-scale studies, involving a large number of rivers (e.g. Monk et al., 2006), to 
micro-scale studies, involving single habitat patches (e.g. Lancaster and Belyea, 2006; 
Pedersen and Friberg, 2007, 2009). In Chapter 4 the long-term macroinvertebrate community 
data, both in its raw form and in the form of ecological indices, derived from the raw 
macroinvertebrate data, was explored to identify spatial and temporal variability within the data. 
Spatially, the data were explored on a number of scales, ranging from inter-regional variations 
to variations between habitat biotopes within a study site. Regional variation was explored using 
Detrended Correspondence Analysis (DCA), which highlighted that macroinvertebrate samples 
from the Anglian Northern sites differed to those from the Anglian Central sites. Spatial variation 
between habitat biotopes (riffles, runs and pools) was explored using analysis of variance 
(ANOVA). This analysis highlighted that riffle habitats supported macroinvertebrate communities 
with higher LIFE scores, followed by run habitat communities and finally pool habitat 
communities. This habitat biotope-LIFE score relationship has been reported in previous 
research and is typically the result of variation in flow velocities experienced within each habitat 
/ biotope, with riffles experiencing greater flow velocities compared to both run and pool 
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habitats, and pool habitats experiencing the slowest flow velocities (e.g. Minshall and Robinson, 
1998; Hill et al., in press). Temporally, the ecological communities produced a pattern, similar to 
the temporal pattern produced by the hydrological data, with macroinvertebrate community 
composition responding in distinct ways to periods of high and low flows. These results support 
the findings of previous hydroecological studies by highlighting the differences between the 
composition of macroinvertebrate communities occurring within rivers during low flow / drought 
periods and high flow / flood periods (e.g. Wood and Petts, 1999; Snyder and Johnson, 2006; 
Lee and Bae, 2011). The use of these findings by academics, river managers and conservation 
agencies may assist in their understanding of the response of macroinvertebrate communities 
to periods of flow extremes. The understanding of these responses may also assist in water 
resource management strategies, with regards the timings and magnitudes of abstractions or 
releases from regulating structures (weirs and dams). 
7.3.3 Geomorphological variability 
It has been widely documented that variations in river geomorphology can be highly influential in 
structuring macroinvertebrate community compositions, with macroinvertebrate species known 
to be organized preferentially within distinct substratum patches (Bourassa and Morin, 1995; 
Beisel et al., 2000; Boyero, 2003; Reid and Thoms, 2008) and distinct habitat biotopes (e.g. 
Armitage et al., 1995; Minshall and Pobinson, 1998; Lancaster and Belyea, 2006; Hill et al., in 
press). With the use of River Habitat Survey (RHS) data, as a measure of geomorphological 
variability, Principal Components Analysis (PCA) highlighted seven geomorphological indices, 
from the complete list of 21 RHS derived geomorphological indices (10 measures of habitat 
quality and 11 measures of habitat modification) that were able to best define the morphology of 
the 88 study sites (Chapter 5). With regards habitat quality, only two indices were highlighted as 
being influential, the Habitat Quality Assessment score, and the bank features sub-score. In 
contrast, with regards to habitat modification, there were a total of five indices highlighted as 
being influential in structuring the geomorphological data: (1) Habitat Modification Score, (2) bed 
and channel resectioning, (3) fords, (5) weirs and (6) poaching, sub-scores. These seven 
indices were able to explain over 95% of the inter-site variance in the geomorphological dataset 
on the first PCA axis alone. The findings of the geomorphological analysis emphasize the ability 
of RHS data to be used in the examination and classification of river channels and river 
corridors. This ability of RHS indices to help classify and describe riverine environments 
compliments previous research (Vaughan et al., 2007) and therefore its use as a tool, by river 
managers and organizations, would be of benefit in the design of reference conditions for 
rehabilitation programmes.   
 
7.4 The influence of hydromorphology 
It is widely acknowledged that, in the absence of water quality issues, hydrology and the 
resultant flow regime can be the principal factor structuring macroinvertebrate community 
composition and structure (e.g. Richter, et al., 1996; Poff et al., 1997; Wood and Armitage, 
2004; Monk et al., 2006). This has been reported in previous research, which demonstrated that 
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variability between flow regimes is typically reproduced in the variability seen in the 
macroinvertebrate communities (Monk et al., 2006, 2007, 2008); although this research also 
highlighted a significant number of flow regime types that were poorly characterized by 
hydrological indices alone. However, the influence of river geomorphology on macroinvertebrate 
communities has received less attention (e.g. Dunbar et al., 2006, 2010a, 2010b; Thoms et al., 
2006; Dunbar and Mould, 2009). In Chapters 5 and 6 the complex interaction of hydrological 
and geomorphological processes in structuring the composition of riverine macroinvertebrate 
communities was examined. Canonical Correspondence Analysis (CCA) explored the 
relationships between the raw ecological data and the hydrological and geomorphological 
indices, both separately and in combination. The resulting outputs highlighted that the 
geomorphological indices could explain a larger percentage of the variance than both the 
hydrological indices and the combined hydromorphological indices (hydrological and 
geomorphological indices). However, the reduced set of 13 hydromorphological indices (six 
hydrological, seven geomorphological), identified through PCAs, that were able to explain the 
greatest amount of statistical variance. Community composition, quantified by LIFE scores, 
appeared to be structured by both hydrological and geomorphological indices, with low-flow 
(discharge) indices and habitat modification scores being associated with low LIFE scores and 
high-flow (discharge) indices and habitat quality scores being associated with higher LIFE 
scores. Partial Least Squares (PLS) regression analysis (Chapter 5) also reinforced this trend, 
with the models using geomorphological indices being able to explain a greater percentage of 
the variance in LIFE scores than both the hydrological indices and the combined 
hydromorphological indices (both the full set and the PCA reduced set). Habitat quality was 
consistently more influential in accounting for LIFE score variability, and was the most influential 
in explaining the LIFE scores of the Autumn samples, whilst the flow-types index was 
highlighted as being the most influential for the Spring models. A similar trend was also 
highlighted by stepwise multiple linear regression models using the sub-catchment data, 
presented in Chapter 6. This potentially highlights the habitat quality score as the primary 
predictor of LIFE scores in the Autumn models, whilst the flow types index was highlighted as 
the most important predictor of LIFE scores for Spring models for the rivers examined in this 
thesis. 
 
The combined analysis of the hydrological and geomorphological indices alongside both the raw 
macroinvertebrate data and ecological indices presented in this thesis, demonstrates that both 
hydrological and geomorphological indices can be used to help characterise the compositions 
and structures of macroinvertebrate communities. However, this research has also clearly 
demonstrated that it is also possible to use geomorphological indices, as quantifiers of the level 
of river modification and habitat heterogeneity, to predict macroinvertebrate community 
structure and composition, both on its own and in conjunction with hydrological indices, to 
provide greater resolution and insights into the functioning of riverine ecosystem than by using 
hydrological indices alone (e.g. Dunbar et al., 2006; Newson and Large, 2006; Orr et al., 2008; 
Thorp et al., 2010). 
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7.5 Taxonomic resolution and scale 
The results presented in this thesis were obtained via a two scale approach. The first was a 
macro-scale study utilising secondary hydrological, geomorphological and ecological data 
collected by the Environment Agency of England and Wales (Anglian Northern and Central 
regions), whilst the second was a micro-scale study, which used primary data collected from 
two sub-catchments. The results of both studies highlighted that LIFE scores, generated using 
family-level macroinvertebrate data (LIFE F), where generally more strongly associated with 
river hydrology, geomorphology and combined hydromorphology, than the LIFE scores derived 
using species-level macroinvertebrate data (LIFE S). The notable exception to this was 
recorded in Chapter 6, where the macroinvertebrate kick samples from the three sample 
seasons were examined separately. This general trend, in which LIFE F scores produced the 
strongest predictive models, is in marked contrast to the findings of recent research undertaken 
by Monk et al., (2012), which highlighted models using LIFE S scores as producing the 
strongest predictive models. The possible reason for these different results is due to the scale of 
the analyses. The analysis presented in this thesis examined the ecological and 
hydromorphological data of rivers from 88 river sites, whilst the study presented by Monk et al., 
(2012), examined only 14 sites. This larger number of sites almost certainly results in an 
increased number of macroinvertebrate species, leading to an increased complexity within the 
datasets (192 taxa at species-level versus 73 taxa at family-level). Whilst the results presented 
in this thesis have highlighted that analyses using family-level LIFE scores generally performed 
slightly better than those using species-level LIFE scores, the continued identification of 
macroinvertebrates to species level is very important. The identification to species-level is 
essential, for detailed / focused investigations, where species level data provides valuable 
information to help manage and conserve riverine systems where they may be species specific 
targets associated with individual habitats (Monk et al., 2012). Species-level data is also 
important in underpinning the design and management of river restoration schemes and 
conservation programmes, in which species-specific requirements would be overlooked if data 
were only resolved to family-level as part of routine biomonitoring activities (Lenat and Resh, 
2001; Vaughan and Ormerod, 2010).   
 
7.6 Conceptual model 
The environmental gradients identified in the analyses between river hydromorphology and 
instream ecology have highlighted distinct responses by macroinvertebrate communities. River 
sites displaying high levels of habitat heterogeneity, quantified in the form of the Habitat Quality 
Assessment score and low levels of habitat modification, quantified in the form of Habitat 
Modification scores were recorded as having macroinvertebrate communities possessing 
significantly higher LIFE scores than those communities inhabiting river sites with low levels of 
habitat heterogeneity and high levels of habitat modification.  
 
The conceptual model, presented below (Figure 7.1) indicates two pathways which lead to the 
characterisation of distinct macroinvertebrate community. The starting point of the model is 
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climate and geology, which are acknowledged as two principal factors driving river hydrology 
and geomorphological characteristics (Potter, 1991; Arnell, 1992a, 1992b; Poff, 2002; Bower et 
al., 2004). From here the model splits between natural (unaltered) river systems and 
anthropogenically modified river systems, with modified flow regimes (e.g., dams, weirs, and 
abstraction) and geomorphology (e.g., channel resectioning and channel reinforcement). The 
habitats created by the hydraulic / geomorphological processes are the foundation on which 
macroinvertebrate community structure and composition is determined. The model also 
indicates that by developing models and datasets to characterise natural river systems, 
‘reference conditions’ can be quantified, which can be used in river management, rehabilitation 
and restoration schemes of anthropogenically modified river systems and may be particularly 
valuable in designing programmes of measures for Heavily Modified Waterbodies.     
 
 
Figure ‎7.1 Conceptual model displaying the differences between anthropogenically modified 
and natural river systems and how natural river systems could be used to characterise 
reference conditions for their use in the implementation of river management schemes 
CLIMATE & GEOLOGY 
MACROINVERTEBRATE COMMUNITY COMPOSITION, 
STRUCTURED BY THE INTERACTION OF THE RIVER FLOW 
REGIME AND RIVER GEOMORPHOLOGY 
THE DEVLOPMENT OF MODELS AND 
DATASETS TO CHARACTERISE 
REFERENCE CONDITIONS FOR THE USE 
IN RIVER MANAGEMENT REHABILITATION 
AND RESTORATION SCHEMES OF 
ANTHROPOGENICALLY MODIFIED RIVER 
SYSTEMS 
NATURAL HYDROLOGY & GEOMORPHOLOGY 
NATURAL FLOW 
REGIME 
NATURAL HABITAT 
NATURAL CHANNELS 
NATURAL RIVER SYSTEM 
MODIFIED FLOW 
REGIME 
MODIFIED CHANNELS 
MODIFIED HABITAT 
MODIFIED HYDROLOGY & 
GEOMORPHOLOGY 
ANTHROPOGENICALLY MODIFIED RIVER 
SYSTEM 
THE 
IMPLEMENTATION 
OF MANAGEMENT 
AND MITIGATION 
MEASURES 
174 
 
7.7 Limitations 
Throughout the collection and analysis of the data every attempt was made to limit potential 
sources of error. Although a number of data quality screenings were employed to identify and 
where appropriate remove poor quality data (where quality control may not have occurred), the 
potential limitations, inherent with using long-term secondary sourced data, cannot be 
completely avoided. The potential limitations of the results, presented in this thesis, were: 
 
 Whilst screening processes were undertaken to ensure the Environment Agency 
macroinvertebrate data was complete, there are the inherent risks associated with the 
use of secondary sourced data. Operator variance, both in the collection of 
macroinvertebrate samples and incorrect identification of invertebrate families / species 
are both possible sources of error (Furse et al., 1981; Cao et al., 2002). Corrections of 
any potential errors is unlikely, due to the nature of long-term secondary sourced data; 
 
 Screening processes were undertaken to ensure that the secondary sourced NRFA and 
non-NRFA flow gauge discharge data was representative of the actual river discharge 
(Curtis and East, pers comm.). However, errors and / or unrepresentative flows may 
have been recorded, and may have remained undetected; 
 
 Similar to both examples above, the use of secondary sourced ecological and 
hydrological data, the inherent risk in using secondary sourced RHS data due to 
operator errors (Vaughan and Ormerod, 2010). Whilst the RHS surveys included within 
the analyses have undergone quality checks by the Environment Agency’s RHS 
department, errors through the misidentification of features and/or inconsistent 
identification between surveyors cannot be identified and corrected subsequently; 
 
 The morphological indices used within the analyses were derived from RHS data, 
collected on one occasion between 1994 and 2010 at each of the sample sites. There is 
a limitation in that the morphological data is potentially only representative of the 
sample site at the time of collection. How accurately it characterizes channel 
geomorphology in the period pre and post survey is unknown (Vaughan, 2010). 
 
 Although screening processes were implemented to allow only the most reliable, ‘high 
quality’ data to be included within the analyses, there was an inherent risk related to the 
varying locality from which the hydrological, geomorphological and ecological datasets 
were derived. Whilst it was a rare occurrence to have a mutual location for all three 
datasets every attempt was made to pair the macroinvertebrate sampling site with both 
the most appropriate flow gauge data and RHS data. Each macroinvertebrate sampling 
site was paired with the closest flow gauge (between which no significant changes to 
the flow were likely to occur) and RHS data from within 2km either up or downstream of 
the macroinvertebrate sample location. 
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7.8 Applications and considerations 
The results of the research presented in this thesis have highlighted relationships between 
hydromorphology and instream macroinvertebrate communities, which may prove extremely 
useful in the application and fulfilment of management objectives, such as the EU Water 
Framework Directive and the EU Habitats directive. The following section considers the 
applications of this research for future research needs in the field of eco-hydromorphology.   
7.8.1 Applications of this research 
This research has demonstrated that hydromorphology plays an important role in structuring 
riverine macroinvertebrate community composition. These findings could be used to assist in 
the characterisation of reference conditions, which could be used to help river managers and 
organizations implement river rehabilitation programmes and devise management schemes to 
fulfil the aim of the Water Framework Directive (WFD) (European Commission, 2000) by 
providing ecological and hydromorphological data to underpin programmes of measure to 
achieve and maintain ‘good ecological status’ in all surface waters by 2015 or in subsequent 
rounds of the review process. 
 
The WFD states that habitat quality should not deteriorate as a direct result of anthropogenic 
modification to either hydrology and/or geomorphology. With this in mind, those charged with 
management / enhancement of riverine ecosystems should strive to maintain the river’s habitat 
quality, by maintaining the level of diversity that is present in the natural channel. Similarly, 
those responsible for river rehabilitation and restoration programmes should aim to restore the 
‘natural’ habitat quality and diversity to the levels that were present before modifications were 
undertaken, with the development of benchmark / reference conditions (Raven et al., 2010). 
This means that both the hydrology and geomorphology of the river need to be addressed in 
order to fully restore the natural functioning of the river. This creates a challenge if the 
modifications are very old and pre-modification reference conditions (hydromorphological and 
ecological) are unknown. The use of suitable reference conditions was investigated by 
Szoszkiewicz et al. (2006) as part of the Standardisation of River Classifications (STAR) project. 
This research programme demonstrated that different geographical regions displayed distinct 
hydromorphological characteristics and behaved very differently to each other, highlighting the 
importance of using appropriate reference conditions. Similarly, Acreman et al. (2008) 
developed environmental standards for water abstractions from UK rivers, based upon the 
requirements of macroinvertebrates, fish and macrophytes, in order to reduce the impact of an 
altered flow regime and to implement the WFD. The analysis methods demonstrated in this 
thesis were successful in characterising and quantifying the hydromorphological condition of the 
rivers studied. Therefore, by implementing a similar approach to assess the condition of natural 
/ semi-natural rivers from specific geographical regions / groups of rivers that possess similar 
natural hydromorphological conditions, it could provide a key tool in assisting river managers 
and organisations in the creation of a database of reference conditions that could be used in 
river rehabilitation schemes to fulfil the requirements of the EU WFD. In order to increase the 
potential for the formation and the implementation of reference conditions to be successful it is 
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essential that there is a network of accurate flow gauges, a good coverage of geomorphological 
data, in the form of RHS, and macroinvertebrate records resolved to at least family-level, but 
preferably species-level.  
 
Whilst the WFD aims for all surface water bodies to achieve ‘good ecological status’, which is 
potentially achievable in natural / semi natural rivers, many rivers within Europe have been 
heavily modified, and as a result have suffered from severe hydromorphological degradation 
(Hering et al., 2010). As a result the WFD states that rivers that have suffered severe 
hydromorphological degradation can be classified as being ‘heavily modified water bodies’ 
(HMWB) and as such only have to achieve ‘good ecological potential’. The classification of 
rivers as being HMWB is highly complex (Hering et al., 2010) and thus a method of 
hydromorphological assessment and derivation of standards are required. The 
hydromorphological quantification techniques used in this thesis could provide the basis of a 
methodology for the assessment and classification of Heavily Modified Water Bodies (HMWBs), 
where appropriate geomorphological, hydrological and ecological data exist (Acreman et al., 
2009). In order to achieve ‘good ecological potential’ in HMWBs the method outlined above for 
less heavily modified rivers could also be implemented. Whilst it is feasible that the formation of 
reference conditions to help in the implementation of river rehabilitation schemes in rivers that 
have undergone minor alterations, the same is unlikely to be achieved in HMWBs. Therefore it 
is important to build a database of reference hydromorphological conditions and relationships 
for a wide range of rivers, ranging from the most pristine / natural rivers to the most modified. 
Whilst the implementation of a full rehabilitation scheme on a HMWB is unlikely certain aspects 
of either or both the hydrological regime and/or the channel geomorphology may be able to be 
highlighted as being strongly beneficial in increasing the ecological status of the river. The 
alteration of these aspects may then enable the HMWB to achieve ‘good ecological potential’. 
7.8.2 Research agenda for future work 
The research presented in this thesis has demonstrated that hydromorphological information, 
derived from River Habitat Surveys, can be used, both on its own and in conjunction with 
hydrological data to help describe the structure and composition of macroinvertebrate 
communities. Whilst this research has demonstrated that there is a strong link between 
hydromorphology and ecology, there are still a number of considerations for future research that 
could further our understanding of these linkages from the perspectives of both pure science 
and applied management. 
 
Scale 
This research examined the influence of hydromorphology on ecology over a micro-scale, sub-
catchment investigation and a macro-scale, regional investigation. A larger investigation 
examining rivers across both England and Wales, similar to that employed by Bower et al. 
(2004) and Monk et al. (2006) would enable the influence of hydromorphological variability in 
different biogeographical regions to be identified. These findings could then be used to help 
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formulate reference conditions that could be used by river managers in the implementation of 
river rehabilitation and restoration projects. 
 
Hydromorphological characterisation 
The successful application of RHS data in describing river hydromorphology and its strong 
relationships with macroinvertebrate communities reported in this thesis compliments previous 
research (Erba et al., 2006; Dunbar et al., 2010). In addition to the standard RHS indices the 
inclusion of the additional seven RHS derived indices, proposed by Vaughan (2010), in similar 
analyses to those undertaken in this thesis, may prove advantageous. The use of these indices 
has already successfully quantified river bird habitats (Vaughan, 2010) and so their ability to 
assist in quantifying macroinvertebrate habitats and other faunal and floral communities should 
be explored. The continued investigation into the application of RHS data in the assessment of 
the linkages between river geomorphology and river ecology is very important if  ‘good 
ecological status’ is to be achieved for WFD purposes, with not only the requirement to asses 
macroinvertebrate communities but also river bird, macrophyte, fish and diatom communities. 
 
Resolution of data 
As discussed in the limitations (section 7.7) the geomorphological data used within the analyses 
was collected on a single occasion between 1994 and 2010, meaning that the 
geomorphological information was only relevant for the river at the time of surveying, and its 
accuracy to the geomorphological condition of the river both prior to and following the surveying 
is questionable. To eliminate this inconsistency ideally a new RHS would be undertaken in 
conjunction with the ecological sampling. This recommendation, however, would potentially 
prove time consuming and not cost effective for river managers and organisations. To overcome 
this, an investigation could be undertaken to examine the ability of a shortened survey to 
characterise the river habitat. Current surveys, which are carried out over a 500 metre reach 
and contain ten spot-checks, have been reported as being representative of the river habitat 
both 2km upstream and 2km downstream of a macroinvertebrate biomonitoring site (Baker pers 
comm.). Therefore the representativeness of a shortened survey (e.g. 100 meters and 
containing three spot-checks) which is centred on a macroinvertebrate biomonitoring site may 
prove reliable in characterising the river habitat and potentially manageable within temporal and 
economic restraints. If this reduced survey proves reliable in the characterisation of the 
geomorphological condition of rivers and it is deemed manageable then this may increase our 
understanding of the ecological-geomorphological relationships, enabling more accurate 
reference conditions to be formulated. 
 
7.9 Conclusions 
The research presented in this thesis has integrated the fields of hydrology and geomorphology 
in order to explore their influence in shaping the structure and composition of riverine 
communities with specific reference to macroinvertebrate communities. The results further 
highlight the importance of understanding and characterising river flow regimes and how they 
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influence instream macroinvertebrate communities. However, this research demonstrates that 
the geomorphological characteristics of a river and its catchment can be used to predict the 
structure and composition of macroinvertebrate communities more accurately than flow regime 
characteristics can, both on their own and in conjunction with geomorphological characteristics. 
These findings have increased our understanding of the role played by hydromorphology in 
structuring macroinvertebrate community compositions, which could be used to assist river 
managers and organizations in the development of river management programmes and in the 
fulfilment the WFD’s aim to achieve ‘good ecological status’ within surface water bodies. 
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Appendix 1 – River Habitat Survey (RHS) 2003 version 
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Appendix 2 – River Habitat Survey 2003 version spot-check key 
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Appendix 3 – List of the 88 Environment Agency biomonitoring sites included in the macro-scale 
investigation 
 
WATERBODY SITE NAME EA SITE ID 
BABINGLEY RIVER A149 OLD ROAD BRIDGE CASTLE RISING 56357 
BABINGLEY RIVER B1153 RB HILLINGTON 56339 
BAIN BISCATHORPE FORD 55017 
BAIN DALDERBY 55023 
BAIN HEMINGBY 55020 
BAIN THORNTON BRIDGE 55022 
CAM BOTTISHAM LOCK 56063 
CAM COE FEN BRIDGE CAMBRIDGE 56100 
CAM DERNFORD LOCK GAUGING STATION 56087 
CAM DIMMOCKS COTE ROAD BRIDGE 56040 
CAM GREAT CHESTERFORD ROAD BRIDGE 56065 
CAM GREEN DRAGON FOOTBRIDGE CHESTERTON 56090 
CAM HAUXTON MILL 56109 
CAM LITTLEBURY BRIDGE 56056 
CAM WHITTLESFORD 56081 
CHATER NORTH LUFFENHAM 55499 
CHATER STATION ROAD BRIDGE, KETTON 55501 
CRINGLE BROOK THUNDER BRIDGE 55088 
FOSTON BECK A1 (BEHIND Q.K. COLD STORES) 55117 
GLEN KATES BRIDGE 55564 
GREAT EAU CALCEBY 55123 
GWASH (SOUTH) GUNTHORPE 55582 
HORNCASTLE CANAL WHARFE LANE 55161 
ISE BURTON LATIMER 55745 
ISE RUSHTON 55740 
LARK FORNHAM ALL SAINTS BRIDGE 55955 
LARK HENGRAVE BRIDGE 55959 
LARK ISLEHAM WEIR 56000 
LARK JUDES FERRY 55994 
LARK PRICKWILLOW ROAD BRIDGE 56017 
LARK SOUTHGATE BRIDGE BURY ST EDMUNDS 55946 
LARK TEMPLE STAUNCH 55974 
LARK TOLLGATE BRIDGE 55952 
LITTLE OUSE RIVER BLO NORTON FORD 55908 
LITTLE OUSE RIVER BRANDON ROAD BRIDGE 55967 
LITTLE OUSE RIVER LITTLE OUSE ROAD BRIDGE 56009 
LITTLE OUSE RIVER NUN'S BRIDGE THETFORD 55943 
LITTLE OUSE RIVER ROAD BRIDGE EUSTON A1088 55938 
LITTLE OUSE RIVER ROAD BRIDGE KNETTISHALL 55932 
LITTLE OUSE RIVER THETFORD NO.2 STAUNCH 55953 
LITTLE OUSE RIVER WILTON BRIDGE LAKENHEATH 55978 
LONG EAU LITTLE CARLTON 55184 
LUD LOUTH TROUT FARM 55287 
LYMN PARTNEY 55206 
LYMN SALMONBY - SOMERSBY ROAD BRIDGE 55204 
LYMN STOCKWITH MILL 55205 
NAR B1145 ROAD BRIDGE MILEHAM 56321 
NAR CASTLE ACRE ROAD BRIDGE 56334 
NAR LITCHAM ROAD BRIDGE 56324 
NAR WEST ACRE ROAD BRIDGE 56335 
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NAR WEST LEXHAM ROAD BRIDGE 56332 
NAR HIGHBRIDGE WORMGAY (BLACK'GH END) 56360 
NAR OLD SLUICE KING LYNN 56379 
NENE DUSTON MILL 55673 
NENE NEWNHAM 55666 
NORTH BROOK EMPINGHAM 55714 
NORTH BROOK FORT HENRY LAKE OUTLET 55713 
RASE BISHOPBRIDGE 55279 
RASE BULLY HILL 55274 
SCOPWICK BECK KIRKBY GREEN 55305 
SANDHILL / BRANSTON BECK BRANSTON 55299 
UPPER WITHAM BARKSTON 55422 
UPPER WITHAM CLAYPOLE 55425 
UPPER WITHAM HOUGHAM 55423 
UPPER WITHAM EASTON BRIDGE 55418 
UPPER WITHAM EASTON PARK 55417 
UPPER WITHAM LITTLE PONTON 55420 
UPPER WITHAM NORTH WITHAM 55416 
WAITHE BECK BRIGSLEY 55395 
WAITHE BECK THORGANBY 55394 
WELLAND A6003 (ROCKINGHAM) 55820 
WELLAND COLLYWESTON BRIDGE D/S COLLYWESTON STW 55825 
WELLAND D/S MARKET HARBOROUGH STW 55817 
WELLAND DUDDINGTON 55824 
WELLAND GREAT BOWDEN ROAD BRIDGE 55816 
WELLAND MARSTON TRUSSELL 56698 
WELLAND TINWELL MILL 55826 
WELLAND WESTON LANE D/S WELHAM STW 55819 
WILLOW BROOK FOTHERINGHAY 55854 
WISSEY A134 STOKE FERRY 55984 
WISSEY BODNEY BRIDGE 55960 
WISSEY DIDLINGTON LODGE BRIDGE NORTHWOLD 55972 
WISSEY FIVE MILE BRIDGE WISSINGTON 55998 
WISSEY HILGAY BRIDGE A10 56010 
WISSEY ICKBURGH BRIDGE 55963 
WISSEY LINGHILLS FARM BRIDGE AND FORD 56333 
WISSEY NECTON BRIDGE 56325 
WISSEY NORTH PICKENHAM BRIDGE (HOUGHTON LANE) 56327 
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Appendix 4 – DCA ordination plots, generated using Autumn macroinvertebrate samples 
(family-level) for the 88 Environment Agency biomonitoring sites. Samples have been grouped 
by year. Graphs progress from 1986-2005 with three sequential years being displayed; the 
earliest year is removed and replaced by the proceeding year 
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Appendix 5 – Photos of micro-scale investigation study sites, (a) Bain Belchford, (b) Bain 
Scambelsby, (c) Bain Miningsby, (d) Bain Brook Farm, (e) Bain Scrivelsby, (f) Bain Goulceby, 
(g) Lymn Harrington, (h) Lymn Tetford, (i) Lymn Somersby, (j) Lymn Stockwith Mill 
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Appendix 6 – Macroinvertebrate Surber samples collected at the 11 micro-scale investigation first and second order sites for, (a) Autumn 2008- Bain first order, (b) 
Autumn 2008- Bain second order, (c) Autumn 2008- Lymn first order, (d) Autumn 2008- Lymn second order, (e) Spring 2009- Bain first order, (f) Spring 2009- Bain 
second order, (g) Spring 2009- Lymn first order, (h) Spring 2009- Lymn second order, (i) Summer 2009- Bain first order, (j) Summer 2009- Bain second order, (k) 
Summer 2009- Lymn first order, (l) Summer 2009- Lymn second order. (B = Bain, L = Lymn, G = MAFF ‘no works’, B = MAFF ‘maintained works’, R = MAFF ‘capital 
works’, r =riffle, > = run, p = pool, 1,2,3 = sample number). 
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GASTROPODA                                                       
Ancylus fluviatilis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydrobidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lymnaea peregra 1 1 0 1 6 0 2 0 4 0 0 0 0 0 0 0 0 0 0 1 2 0 0 0 0 0 0 
Planorbhis planorbis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Zonitidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 
Potamopyrgus antipodarum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 2 1 0 3 0 0 1 
lymnaea catascopium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
BIVALVIA                                                       
Pisidium spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
OLIGOCHAETA                                                       
spp. 0 0 2 0 2 0 5 7 19 22 15 27 14 28 9 28 18 18 3 14 7 7 19 11 5 21 26 
HIRUDINEA                                                       
Erpobdella octoculata 0 0 0 0 0 0 0 0 2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Glossiphonia complanata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 
MALACOSTRACA                                                       
Gammarus pulex 22 17 10 25 28 12 3 1 16 0 0 0 0 1 0 0 0 0 2 1 3 6 11 3 7 20 4 
Asellus aquaticus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Asselus meridianus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
PLECOPTERA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Chloperla tripunctata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Taeniopteryx nebulosa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Perlidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Isoperla grammatica 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Nemoura erratica 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 0 
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EPHEMEROPTERA                                                       
Baetis spp. 5 5 0 2 8 21 1 0 1 1 1 0 1 0 2 0 0 0 1 3 3 2 0 0 0 7 1 
Caenis luctuosa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ephemera danicia 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ephemerella ignita 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Paralephilebia spp. 5 2 4 6 9 0 0 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
COLEOPTERA                                                       
Elmis aenea 1 5 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Elmis aenea (larvae) 6 10 4 18 16 47 1 3 10 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 
Oulimnius (larvae) 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volckmari 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volckmari (larvae) 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Scirtidae (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
Dytiscid (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rioulus spp. (larvae) 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Agabus guttatus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
MEGALOPTERA                                                       
Sialis lutaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
TRICHOPTERA                                                       
Plectrocnemia conspersa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sericostoma personatum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche angustipennis 16 12 0 0 8 10 0 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche pellucidula 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Micropterna sequax 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 1 
Apatania muliebris 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Limnephilidae 1st/2nd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnephilidae 3rd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
Polycentropidae 1st/2nd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hyranus palustrius 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
DIPTERA                                                       
Chironomidae 5 2 1 6 6 2 4 7 2 1 1 0 0 0 2 2 1 3 0 0 0 2 1 2 1 6 3 
Tipulidae 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 4 1 0 1 1 0 0 1 0 0 
Dicranota spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 1 0 2 1 4 0 
Certatopgonidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 
Empididae 0 0 0 0 0 0 0 0 0 1 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 
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GASTROPODA                                                       
Ancylus fluviatilis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Hydrobidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lymnaea peregra 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 1 5 1 5 0 1 0 
Planorbhis planorbis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 
Zonitidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Potamopyrgus antipodarum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
lymnaea catascopium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
BIVALVIA                                                       
Pisidium spp. 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
OLIGOCHAETA                                                       
spp. 6 11 17 53 29 0 38 23 29 6 4 11 1 3 5 0 3 0 1 0 0 4 3 4 1 0 1 
HIRUDINEA                                                       
Erpobdella octoculata 6 2 1 6 1 2 0 1 0 0 0 0 0 0 0 1 0 0 1 3 1 0 0 1 0 0 0 
Glossiphonia complanata 1 1 0 3 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 1 0 0 0 0 
MALACOSTRACA                                                       
Gammarus pulex 16 10 8 2 0 2 0 2 0 9 15 4 12 28 28 6 15 12 12 7 62 5 6 8 1 1 0 
Asellus aquaticus 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 2 2 0 0 0 
Asselus meridianus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
PLECOPTERA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Chloperla tripunctata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Taeniopteryx nebulosa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Perlidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 
Isoperla grammatica 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Nemoura erratica 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
EPHEMEROPTERA                                                       
Baetis spp. 2 0 0 0 0 0 0 0 0 8 14 12 28 14 14 8 17 5 3 4 14 5 1 1 1 1 0 
Caenis luctuosa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 3 10 1 3 0 
Ephemera danicia 0 0 0 0 0 0 4 0 1 0 0 0 0 0 2 1 4 0 0 0 0 2 1 5 2 1 0 
Ephemerella ignita 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Paralephilebia spp. 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
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COLEOPTERA                                                       
Elmis aenea 37 10 11 0 0 3 0 0 0 0 0 0 0 0 0 0 1 0 14 10 29 0 1 0 0 0 0 
Elmis aenea (larvae) 24 14 19 0 1 14 0 0 0 14 9 10 1 5 7 0 0 0 123 120 132 6 12 7 1 0 0 
Oulimnius (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 5 3 1 3 3 0 0 0 
Limnius volckmari 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volckmari (larvae) 0 0 0 0 0 0 0 0 0 1 0 2 2 0 0 0 2 0 0 0 0 0 0 0 0 0 0 
Scirtidae (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Dytiscid (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Rioulus spp. (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Agabus guttatus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MEGALOPTERA                                                       
Sialis lutaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
TRICHOPTERA                                                       
Plectrocnemia conspersa 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sericostoma personatum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 6 2 0 0 
Hydropsyche angustipennis 0 0 0 0 0 0 0 1 0 1 1 3 0 0 0 0 0 0 4 13 10 0 1 0 0 0 0 
Hydropsyche pellucidula 0 0 0 0 0 0 0 0 0 1 0 0 3 5 1 0 0 0 0 4 0 0 0 0 0 0 0 
Micropterna sequax 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Apatania muliebris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnephilidae 1st/2nd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnephilidae 3rd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Polycentropidae 1st/2nd instar 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hyranus palustrius 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
DIPTERA                                                       
Chironomidae 7 1 2 0 0 1 3 3 11 0 1 0 1 0 1 0 2 0 0 0 0 1 1 0 3 0 7 
Tipulidae 0 0 0 0 0 0 0 0 0 0 1 3 0 1 2 1 1 4 0 0 0 1 2 1 0 0 0 
Dicranota spp. 2 2 5 0 0 0 0 0 0 6 0 1 3 4 5 3 1 4 21 19 15 5 2 1 0 0 0 
Certatopgonidae 0 1 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Empididae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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GASTRAPODA                                                       
Ancylus fluviatilis 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Potamopyrgus antipodarum 0 1 7 4 5 6 14 4 9 0 0 0 0 1 3 3 4 1 0 0 0 0 0 0 0 0 0 
Pseudamnicola confusa 0 9 7 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
BIVALVIA                                                       
Pisidium spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
OLIGOCHAETA                                                       
spp. 7 0 7 5 4 1 5 7 9 3 4 7 0 0 0 0 0 0 2 1 1 0 1 1 1 0 0 
Erpobdella octoculata 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Glossiphonia complanata 0 0 0 0 0 0 0 0 1 0 0 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 0 
MALACOSTRACA                                                       
Gammarus pulex 2 0 1 0 0 0 0 0 0 0 0 1 0 2 2 0 1 0 0 1 0 0 0 0 1 2 2 
PLECOPTERA                                                       
Perlidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Nemoura erratica 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 0 
EPHEMEROPTERA                                                       
Baetis spp. 0 0 0 0 0 0 0 0 0 0 1 1 2 9 0 0 0 8 1 2 0 0 3 3 0 0 1 
Caenis luctuosa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Ephemera danicia 2 0 0 3 5 2 4 0 1 0 0 0 0 0 0 1 2 0 0 0 0 0 1 1 1 2 0 
Paraleptophlebia  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
COLEOPTERA                                                       
Elmis aenea (larvae) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Oulimnius (larvae) 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volckmari (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Haliplus lineatocollis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Dytiscid (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
Gyrinidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
MEGALOPTERA                                                       
Sialis lutaria 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
TRICHOPTERA                                                       
Rhyacophila dorsalis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 1 0 0 2 
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Sericostoma personatum 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Potamophylax cingulatus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Hydropsyche angustipennis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Tinodes waeneri 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnephilidae 1st/2nd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Polycentropidae 1st/2nd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 
Polycentropidae 3rd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Potamophylax rotundipennis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
DIPTERA                                                       
Chironomidae 1 0 0 1 0 0 0 2 1 0 0 3 0 0 0 1 0 3 3 1 1 0 7 1 0 2 0 
Tipulidae 0 0 3 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Dicranota spp. 1 1 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 1 0 2 0 0 1 1 
Certatopgonidae 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Canacidae 0 0 0 2 2 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Simuliidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 
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GASTRAPODA                                     
Ancylus fluviatilis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Potamopyrgus antipodarum 12 5 4 4 13 13 6 3 5 6 1 1 0 2 8 1 1 1 
Pseudamnicola confusa 2 3 3 4 4 1 7 7 2 0 6 4 1 4 7 0 1 0 
BIVALVIA                                     
Pisidium spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 
OLIGOCHAETA                                     
spp. 2 3 3 5 3 2 3 6 5 0 0 0 0 0 1 0 1 0 
Erpobdella octoculata 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Glossiphonia complanata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MALACOSTRACA                                     
Gammarus pulex 1 2 2 1 0 0 2 2 0 1 5 3 0 2 4 0 0 1 
PLECOPTERA                                     
Perlidae 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 
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Nemoura erratica 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
EPHEMEROPTERA                                     
Baetis spp. 9 0 1 0 5 2 0 0 0 16 13 7 1 2 5 0 0 0 
Caenis luctuosa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ephemera danicia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 
Paraleptophlebia  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
COLEOPTERA                                     
Elmis aenea (larvae) 1 0 0 0 0 0 0 1 0 1 0 0 0 1 1 0 0 0 
Oulimnius (larvae) 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 
Limnius volckmari (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 2 
Haliplus lineatocollis 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Dytiscid (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Gyrinidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MEGALOPTERA                                     
Sialis lutaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
TRICHOPTERA                                     
Rhyacophila dorsalis 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sericostoma personatum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Potamophylax cingulatus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche angustipennis 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Tinodes waeneri 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
Limnephilidae 1st/2nd instar 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Polycentropidae 1st/2nd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Polycentropidae 3rd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Potamophylax rotundipennis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
DIPTERA                                     
Chironomidae 0 1 0 0 1 0 1 1 1 3 1 1 0 2 0 3 0 8 
Tipulidae 0 0 0 0 0 0 0 0 1 0 2 0 0 0 0 3 6 2 
Dicranota spp. 0 0 0 0 0 0 2 0 1 0 9 2 0 2 1 0 0 0 
Certatopgonidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Canacidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Simuliidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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GASTROPODA                                                       
Lymnea palustris 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Planorbhis planorbis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Potamopyrgus antipodarum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 0 0 0 0 0 1 0 
BIVALVIA                                                       
Pisidium spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
OLIGOCHAETA                                                       
spp. 0 0 0 2 8 17 4 2 11 14 8 6 9 11 12 1 9 4 3 24 3 11 5 3 21 4 0 
HIRUDINEA                                                       
Erpobdella octoculata 0 0 1 2 3 0 1 0 0 0 3 0 2 1 1 3 1 2 0 0 0 0 0 0 0 0 0 
Glossiphonia complanata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MALACOSTRACA                                                       
Gammarus pulex 3 5 6 13 3 4 5 5 8 0 0 0 0 0 0 0 0 0 0 2 1 9 3 1 3 1 2 
Asellus aquaticus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
PLECOPTERA                                                       
Isoperla grammatica 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
EPHEMEROPTERA                                                       
Baetidae 2 5 7 2 1 1 0 0 2 1 0 2 1 1 2 0 0 0 2 10 2 4 2 1 2 0 0 
Caenis rivulorum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ephemera danicia 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Habrophlebia fusca 0 0 0 1 0 0 0 2 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
Paraleptophlebia submarginata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
COLEOPTERA                                                       
Elmis aenea 0 1 20 3 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Elmis aenea (larvae) 1 1 0 13 1 0 1 0 7 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
Oulimnius (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volckmari (larvae) 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Scirtidae (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Potamonectes depressus elegans 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rioulus spp. (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
TRICHOPTERA                                                       
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Halisus radiatus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sericostoma personatum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche angustipennis 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche pellucidula 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche siltali 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche 1st/2nd instar 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Tinodes unicolor 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
Tinodes spp. 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnephilus lunatus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnephilidae 1st/2nd instar 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Polycentropus kingi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Psychomyiidae spp. 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Athripsodes aterrimus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
DIPTERA                                                       
Chironomidae 48 83 62 74 34 30 23 38 61 63 143 71 103 79 91 37 78 102 72 31 34 20 32 41 19 13 52 
Tipulidae 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 2 2 1 5 3 4 3 1 1 
Certatopgonidae 0 0 0 0 0 0 0 0 0 1 1 2 3 2 2 2 0 0 0 0 0 0 0 0 0 0 2 
Empididae 0 0 2 0 1 0 0 1 0 0 0 0 0 2 0 1 0 0 0 4 1 2 1 0 6 1 5 
Simulidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 4 0 2 0 0 0 0 0 
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GASTROPODA                                                       
Lymnea palustris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Planorbhis planorbis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Potamopyrgus antipodarum 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
BIVALVIA                                                       
Pisidium spp. 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
OLIGOCHAETA                                                       
spp. 57 26 32 26 8 27 7 8 9 5 4 4 0 3 0 1 0 0 8 11 4 0 3 0 0 0 0 
HIRUDINEA                                                       
Erpobdella octoculata 2 1 1 2 0 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
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Glossiphonia complanata 0 0 0 0 1 1 1 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MALACOSTRACA                                                       
Gammarus pulex 15 4 1 8 6 19 10 5 3 2 1 1 5 1 1 2 1 3 4 3 11 3 3 0 6 3 3 
Asellus aquaticus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 
PLECOPTERA                                                       
Isoperla grammatica 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 2 1 0 0 0 2 1 2 
EPHEMEROPTERA                                                       
Baetidae 24 16 1 0 3 5 1 1 1 7 10 10 4 1 0 0 0 0 15 13 11 1 0 0 3 9 21 
Caenis rivulorum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 2 0 0 0 1 
Ephemera danicia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 0 0 0 0 0 0 0 0 0 0 
Habrophlebia fusca 14 14 6 3 7 3 2 3 5 0 0 0 0 0 0 0 0 0 11 1 5 4 3 0 3 2 0 
Paraleptophlebia submarginata 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
COLEOPTERA                                                       
Elmis aenea 33 16 5 2 3 7 0 0 2 0 0 0 0 0 0 0 0 0 10 23 31 2 1 0 18 23 29 
Elmis aenea (larvae) 14 2 16 14 29 20 1 1 0 2 0 0 0 0 0 0 0 0 7 0 4 2 1 0 3 4 3 
Oulimnius (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 
Limnius volckmari (larvae) 0 0 0 0 0 0 0 0 0 0 0 1 2 1 0 0 0 0 1 0 0 0 0 0 1 0 0 
Scirtidae (larvae) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Potamonectes depressus elegans 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 
Rioulus spp. (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 
TRICHOPTERA                                                       
Halisus radiatus 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Sericostoma personatum 1 1 0 0 2 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 4 0 0 0 0 
Hydropsyche angustipennis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
Hydropsyche pellucidula 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 
Hydropsyche siltali 0 0 0 0 0 0 0 0 0 1 12 8 3 0 0 0 0 0 1 5 2 0 0 0 1 0 0 
Hydropsyche 1st/2nd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Tinodes unicolor 0 1 1 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Tinodes spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
Limnephilus lunatus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
Limnephilidae 1st/2nd instar 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Polycentropus kingi 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Psychomyiidae spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Athripsodes aterrimus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
DIPTERA                                                       
Chironomidae 15 11 12 69 38 49 41 21 5 43 44 52 122 82 36 68 88 25 18 14 18 13 10 0 12 29 27 
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Tipulidae 0 0 0 2 1 0 0 0 0 1 0 0 2 0 0 0 4 0 0 1 0 0 0 0 0 0 0 
Certatopgonidae 2 0 0 1 1 3 0 0 1 0 0 0 0 0 0 0 0 0 3 0 1 0 0 0 0 0 0 
Empididae 2 0 0 1 0 0 0 1 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Simulidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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GASTROPODA                                                       
Potamopyrgus antipodarum 1 4 4 0 1 3 0 5 4 5 0 0 0 0 0 4 4 54 0 0 0 0 0 0 0 0 0 
BIVALVIA                                                       
Pisidium spp. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
OLIGOCHAETA                                                       
spp. 11 13 7 7 26 5 6 5 9 1 0 0 1 4 0 3 0 0 0 3 3 16 24 6 0 1 0 
HIRUDINEA                                                       
Glossiphonia complanata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MALACOSTRACA                                                       
Gammarus pulex 2 1 2 0 0 0 0 0 0 1 1 0 0 0 0 1 1 2 10 1 2 4 28 9 0 1 0 
PLECOPTERA                                                       
Isoperla grammatica 1 2 2 0 0 0 0 0 0 2 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
Nemora cambrica 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Leuctridae spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
EPHEMEROPTERA                                                       
Baetis spp. 4 1 0 0 0 0 0 1 0 3 4 3 2 1 0 0 0 1 8 17 21 3 1 1 4 0 9 
Ephemera danicia 1 4 3 4 4 8 9 2 3 0 0 0 0 0 0 4 0 7 0 0 0 0 4 0 0 0 1 
Habrophlebia fusca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 
COLEOPTERA                                                       
Elmis aenea (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 
Oulimnius (larvae) 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volckmari (larvae) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Gyrinidae 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 2 0 
TRICHOPTERA                                                       
Rhyacophila dorsalis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 1 0 0 0 0 0 0 
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Sericostoma personatum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Potamophylax latipennis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche pellucidula 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche siltali 2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche 1st/2nd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnephilidae 1st/2nd instar 0 0 0 1 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Silo pallipes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
DIPTERA                                                       
Chironomidae 13 2 12 68 103 64 26 19 34 131 76 118 24 27 23 37 47 139 42 28 76 73 33 52 12 29 16 
Tipulidae 0 0 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 2 0 1 3 0 0 3 1 0 0 
Certatopgonidae 0 0 0 0 0 2 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Empididae 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 4 8 
Canacidae 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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GASTROPODA                                     
Potamopyrgus antipodarum 1 9 11 0 0 0 4 3 5 0 0 0 0 0 0 5 0 1 
BIVALVIA                                     
Pisidium spp. 0 0 0 0 0 0 0 0 4 0 1 1 0 0 7 20 27 0 
OLIGOCHAETA                                     
spp. 15 18 17 14 3 0 14 15 28 0 2 1 2 0 0 1 0 0 
HIRUDINEA                                     
Glossiphonia complanata 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
MALACOSTRACA                                     
Gammarus pulex 1 1 1 3 1 4 4 12 3 0 24 0 0 0 2 0 0 0 
PLECOPTERA                                     
Isoperla grammatica 2 1 2 2 1 1 0 3 0 1 3 0 0 0 0 0 0 0 
Nemora cambrica 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Leuctridae spp. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
EPHEMEROPTERA                                     
Baetis spp. 7 7 19 48 19 24 2 2 14 4 6 4 3 19 28 5 0 0 
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Ephemera danicia 1 0 0 0 0 0 2 3 0 0 2 0 0 1 7 6 1 1 
Habrophlebia fusca 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
COLEOPTERA                                     
Elmis aenea (larvae) 1 0 0 1 0 0 0 0 2 0 0 0 1 0 0 0 0 0 
Oulimnius (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volckmari (larvae) 0 0 0 1 1 0 0 10 0 0 0 0 0 0 0 0 1 0 
Gyrinidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
TRICHOPTERA                                     
Rhyacophila dorsalis 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sericostoma personatum 0 1 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 
Potamophylax latipennis 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche pellucidula 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 
Hydropsyche siltali 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche 1st/2nd instar 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnephilidae 1st/2nd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Silo pallipes 0 0 0 0 0 0 1 2 0 0 0 0 0 0 0 0 0 0 
DIPTERA                                     
Chironomidae (larvae) 6 17 27 19 12 22 9 11 11 29 0 19 23 21 41 0 19 17 
Tipulidae 0 1 5 3 1 1 2 13 7 2 7 2 4 0 5 13 4 4 
Certatopgonidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Empididae 1 0 0 0 0 0 0 1 0 2 3 0 0 0 1 0 0 0 
Canacidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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GASTROPODA                                                       
Ancylus fluviatilis 0 0 0 0 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lymnaea peregra 0 0 0 0 1 0 2 2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 7 0 0 4 
Potamopyrgus antipodarum 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 3 0 0 0 
BIVALVIA                                                       
Pisidium spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
OLIGOCHAETA                                                       
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spp. 2 0 4 0 0 6 12 0 4 5 11 17 6 9 0 12 1 23 10 0 2 0 2 6 2 4 0 
HIRUDINEA                                                       
Erpobdella octoculata 0 1 1 0 2 2 3 0 0 0 3 1 5 4 1 0 0 0 0 0 0 0 0 0 0 0 1 
Glossiphonia complanata 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 1 0 0 0 1 
MALACOSTRACA                                                       
Gammarus pulex 6 3 4 8 4 20 1 0 0 0 7 0 2 2 0 0 0 0 3 4 10 0 15 10 0 0 0 
Asellus aquaticus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Asselus meridianus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
PLECOPTERA                                                       
Leuctra fusca 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
EPHEMEROPTERA                                                       
Baetis spp. 1 0 0 0 0 8 1 0 0 1 0 3 0 0 1 0 0 1 0 0 6 0 0 0 0 0 0 
Ephemera danicia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ephemerella spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
COLEOPTERA                                                       
Elmis aenea 2 0 0 4 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 
Elmis aenea (larvae) 3 3 3 4 7 6 0 0 0 0 0 0 0 0 0 0 0 0 0 1 6 0 0 0 0 0 0 
Oulimnius (larvae) 0 0 0 1 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 
Oulimnius  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volckmari 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volkmari (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
Dytiscid (larvae) 0 0 0 1 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 
Potamonectes depressus elegans 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rioulus spp. (larvae) 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Corixia affinis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Corixid nymph 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Coleoptera (larvae) 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MEGALOPTERA                                                       
Sialis lutaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
TRICHOPTERA                                                       
Sericostoma personatum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche angustipennis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
Hydropsyche 1st/2nd instar 1 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnephilidae 1st/2nd instar 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lype redulta 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Polycentropus kingi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Micropterna spp. 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 
DIPTERA                                                       
Chironomidae 9 5 8 12 13 10 17 9 13 1 1 3 3 4 1 3 8 4 2 1 3 2 6 4 27 17 28 
Tipulidae 0 0 0 0 0 4 0 0 0 1 6 5 2 1 0 0 0 0 8 3 5 10 9 2 9 3 5 
Certatopgonidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Empididae 0 0 0 0 0 0 0 0 0 0 1 0 4 1 0 0 0 0 0 0 0 0 1 1 3 0 0 
Simulidae 0 0 0 2 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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GASTROPODA                                                       
Ancylus fluviatilis 0 0 0 0 0 0 0 0 0 3 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lymnaea peregra 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 2 1 1 
Potamopyrgus antipodarum 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 1 1 1 5 0 10 6 3 
BIVALVIA                                                       
Pisidium spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
OLIGOCHAETA                                                       
spp. 32 1 12 26 45 15 27 23 65 11 2 15 7 9 5 5 12 5 15 3 3 4 10 0 1 2 5 
HIRUDINEA                                                       
Erpobdella octoculata 8 1 0 3 4 4 4 1 5 0 0 0 2 1 1 1 0 0 0 1 0 1 1 0 0 1 1 
Glossiphonia complanata 4 3 0 3 0 0 9 4 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 
MALACOSTRACA                                                       
Gammarus pulex 15 19 10 7 4 4 1 7 7 6 6 1 0 6 7 1 0 0 22 18 4 5 7 4 6 3 0 
Asellus aquaticus 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 4 1 0 1 1 0 1 0 0 
Asselus meridianus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
PLECOPTERA                                                       
Leuctra fusca 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
EPHEMEROPTERA                                                       
Baetis spp. 1 1 2 0 0 0 0 0 0 11 4 11 0 0 0 0 0 0 23 15 6 0 21 29 1 0 0 
Ephemera danicia 0 0 0 1 0 2 0 3 1 0 0 0 0 1 0 1 1 1 0 0 0 0 0 0 0 0 1 
Ephemerella spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
COLEOPTERA                                                       
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Elmis aenea 74 34 19 12 20 7 1 0 1 2 1 0 0 0 0 0 0 0 58 31 27 54 35 33 29 23 3 
Elmis aenea (larvae) 17 17 7 3 0 3 0 0 1 2 0 2 1 0 1 0 0 0 59 14 21 58 37 26 6 15 20 
Oulimnius (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 0 0 0 5 1 2 17 11 1 4 4 9 
Oulimnius  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 8 5 5 5 8 4 9 2 
Limnius volckmari 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volkmari (larvae) 0 0 0 0 0 0 0 0 0 9 1 6 1 6 3 0 0 0 0 0 0 0 0 0 0 0 0 
Dytiscid (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 
Potamonectes depressus elegans 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 
Rioulus spp. (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Corixia affinis 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Corixid nymph 0 0 0 0 0 0 3 2 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Coleoptera (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MEGALOPTERA                                                       
Sialis lutaria 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
TRICHOPTERA                                                       
Sericostoma personatum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 4 0 0 1 3 
Hydropsyche angustipennis 6 2 7 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 3 6 0 2 2 0 3 0 0 
Hydropsyche 1st/2nd instar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnephilidae 1st/2nd instar 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lype redulta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Polycentropus kingi 0 0 0 3 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Micropterna spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
DIPTERA                                                       
Chironomidae 0 7 3 3 4 0 51 14 11 0 2 1 0 3 0 48 29 58 3 0 1 1 0 0 3 7 16 
Tipulidae 14 12 4 0 0 0 0 0 0 4 8 4 2 6 8 0 0 0 32 25 16 20 16 21 7 2 1 
Certatopgonidae 0 0 0 1 9 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Empididae 2 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 2 
Simulidae 0 0 0 0 0 0 0 0 0 13 0 0 0 0 0 0 0 0 1 4 0 0 0 0 0 0 0 
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GASTRAPODA                                                       
Ancylus fluviatilis 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Potamopyrgus antipodarum 42 44 64 6 0 7 10 2 11 8 16 22 1 0 0 9 6 4 0 0 0 0 1 0 0 0 0 
OLIGOCHAETA                                                       
spp. 20 5 4 16 3 6 0 5 7 0 1 3 0 2 1 1 0 0 1 0 0 1 3 2 0 0 0 
HIRUDINEA                                                       
Erpobdella octoculata 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Glossiphonia complanata 2 1 0 9 0 0 0 0 0 1 0 2 0 0 0 6 2 4 0 0 0 0 0 0 0 0 0 
MALACOSTRACA                                                       
Gammarus pulex 11 14 11 7 4 1 0 0 0 0 0 2 0 0 2 5 0 0 8 5 9 2 2 3 0 0 2 
PLECOPTERA                                                       
Nemoura avicularis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
Leuctra fusca 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 1 3 1 0 0 1 2 0 0 0 
EPHEMEROPTERA                                                       
Baetis spp. 0 1 4 0 0 0 0 0 0 1 16 3 5 6 1 2 0 0 7 2 7 0 0 0 0 0 0 
Caenis robusta 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ephemera danicia 8 11 1 14 12 11 5 8 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
Ephemerella ignita 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Habrophlebia fusca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 
COLEOPTERA                                                       
Elmis aenea 19 15 31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Elmis aenea (larvae) 5 2 3 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Oulimnius (larvae) 3 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Oulimnius  4 3 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volckmari 0 4 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volckmari (larvae) 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Haliplidae (larvae) 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Potamonectes depressus elegans 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Gyrinidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
TRICHOPTERA                                                       
Rhyacophila dorsalis 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 2 0 0 0 0 0 0 1 0 
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Halisus radiatus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sericostoma personatum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Hydropsyche angustipennis 0 0 4 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Goera pilosa 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Goeradae 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Melampophylax mucoreus 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Leptoceridae 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
DIPTERA                                                       
Chironomidae 1 1 0 2 5 3 0 9 4 0 2 0 1 0 0 1 0 1 7 12 15 17 8 14 1 1 1 
Tipulidae 5 7 5 5 3 1 0 0 1 6 4 10 4 0 4 7 1 3 2 0 4 0 3 3 0 1 0 
Psychodidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Certatopgonidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Tabadinae 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Simulidae 1 2 28 0 0 0 0 0 0 0 0 1 0 4 0 1 0 2 5 5 4 0 0 0 0 0 0 
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GASTRAPODA                                     
Ancylus fluviatilis 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Potamopyrgus antipodarum 9 18 54 61 28 62 40 27 46 0 0 0 0 0 0 0 0 0 
OLIGOCHAETA                                     
spp. 1 2 2 0 1 2 0 0 0 4 0 0 3 3 1 0 0 1 
HIRUDINEA                                     
Erpobdella octoculata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Glossiphonia complanata 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 
MALACOSTRACA                                     
Gammarus pulex 2 3 11 11 1 21 9 13 21 4 1 0 0 1 0 0 0 0 
PLECOPTERA                                     
Nemoura avicularis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Leuctra fusca 0 0 0 3 1 2 1 1 0 0 0 0 0 0 0 0 0 0 
EPHEMEROPTERA                                     
Baetis spp. 11 9 19 15 11 8 0 0 3 27 15 15 0 0 0 1 0 0 
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Caenis robusta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ephemera danicia 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 
Ephemerella ignita 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 
Habrophlebia fusca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
COLEOPTERA                                     
Elmis aenea 0 2 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Elmis aenea (larvae) 0 0 1 0 1 3 0 0 0 0 0 0 0 0 0 0 0 0 
Oulimnius (larvae) 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Oulimnius  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volckmari 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Limnius volckmari (larvae) 0 1 0 3 2 0 0 1 0 0 0 0 0 0 0 0 0 0 
Haliplidae (larvae) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Potamonectes depressus elegans 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Gyrinidae 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
TRICHOPTERA                                     
Rhyacophila dorsalis 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Halisus radiatus 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Sericostoma personatum 0 0 0 0 0 0 0 1 2 0 0 0 0 0 0 0 0 0 
Hydropsyche angustipennis 3 2 2 1 0 8 1 0 1 0 0 0 0 0 0 0 0 0 
Goera pilosa 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 
Goeradae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Melampophylax mucoreus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Leptoceridae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
DIPTERA                                     
Chironomidae 0 1 5 3 1 1 11 14 3 0 7 0 1 3 0 9 5 4 
Tipulidae 2 6 6 8 11 19 0 8 6 1 2 5 1 1 0 7 2 4 
Psychodidae 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Certatopgonidae 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Tabadinae 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 
Simulidae 4 24 5 4 5 3 0 0 2 12 19 3 0 0 1 0 0 0 
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Appendix 7 – Macroinvertebrate kick-samples collected at the 13 micro-scale investigation sites, (a) Autumn 2008, (b) Spring 2009, (c) Summer 2009. (B = Bain, L = 
Lymn, 1
st
 = 1
st
 order, 2
nd
 = 2
nd
 order, MS = main stem (3
rd
 order) G = MAFF ‘no works’, B = MAFF ‘maintained works’, R = MAFF ‘capital works’). 
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GASROPODA                               
Ancylus fluviatilis 4 0 0 0 0 0 2 0 2 1 0 0 0 0 0 
Lymnaea peregra 0 0 18 0 9 0 0 9 0 1 0 0 0 1 0 
Lymnaea glabra 0 0 1 0 0 0 0 2 0 0 0 0 0 0 0 
Planorbis vortex 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 
Planorbis contortus 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 
Zonitidae 0 0 2 0 0 0 2 0 0 0 0 0 0 0 0 
Potamopyrgus antipodarum 0 0 0 0 3 0 0 0 3 1 27 12 0 4 1 
BIVALVIA                               
Pisidium spp. 0 0 0 0 0 0 0 0 10 0 2 0 0 0 0 
Pseudanodonta complanata spp. 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 
OLIGOCHAETA                               
spp. 21 7 18 12 61 26 27 4 4 4 26 16 6 15 1 
HIRUDINEA                               
Erpobdella octoculata 0 0 7 1 0 41 0 6 0 2 0 0 0 0 0 
Glossiphonia complanata 0 0 0 0 0 3 0 1 5 0 4 6 0 1 0 
MALACOSTRACA                               
Gammarus pulex 13 27 80 11 64 45 145 138 1 61 5 8 29 15 36 
Asellus aquaticus 0 2 0 0 0 4 0 8 0 1 0 0 0 0 0 
Asselus meridianus 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Pacifastacus leniusculus 2 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
PLECOPTERA                               
Taeniopteryx nebulosa 0 1 0 0 0 0 0 0 1 4 0 0 0 0 1 
Perlidae 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 
Isoperla grammatica 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
Nemoura erratica 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
EPHEMEROPTERA                               
Baetis spp. 1 0 7 7 11 1 53 25 0 2 0 17 6 27 0 
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Caenis luctuosa 0 12 0 0 0 0 0 47 0 0 0 0 0 0 0 
Ephemera danicia 14 5 3 2 0 4 16 21 24 13 73 15 5 2 6 
Ephemera vulgata 0 32 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ephemerella ignita 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
COLEOPTERA                               
Elmis aenea 0 0 6 0 0 0 2 109 0 10 0 0 0 0 0 
Elmis aenea (larvae) 0 1 56 0 1 52 23 225 1 0 0 0 2 0 2 
Oulimnius (larvae) 0 0 3 0 0 0 0 12 0 0 0 0 0 0 1 
Limnius volckmari (larvae) 0 0 0 0 0 0 4 0 1 4 0 0 0 1 6 
Scirtidae (larvae) 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 
Haliplus confinis 0 1 0 0 0 0 0 1 0 0 0 0 0 1 1 
Dytiscid (larvae) 0 0 3 1 0 1 0 0 0 0 1 0 0 0 0 
Potamonectes depressus elegans 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
Gyrinidae 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
Corixida affinis 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Corixid nymph 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
MEGALOPTERA                               
Sialis lutaria 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 
TRICHOPTERA                               
Rhyacophila dorsalis 0 0 0 0 0 0 0 0 0 0 0 0 7 2 0 
Plectrocnemia conspersa 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 
Helisus radiatus 0 0 0 0 0 0 0 0 0 0 0 1 2 0 0 
Sericostoma personatum 0 0 1 0 0 0 5 7 3 0 0 3 0 0 0 
Polycentropus flavomaculatus 0 0 0 0 0 1 0 0 0 6 1 0 0 0 0 
Potamophylax cingulatus 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 
Hydropsyche angustipennis 26 0 4 0 0 0 0 20 0 0 0 0 0 0 0 
Hydropsyche pellucidula 0 0 0 0 0 0 19 0 5 13 0 0 0 1 0 
Tinodes waeneri 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Goera pilosa 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Goeradae 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
Melampophylax mucoreus 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
DIPTERA                               
Chironomidae 2 64 3 4 5 10 0 3 2 2 5 5 10 2 3 
Tipulidae 4 0 0 28 2 0 0 20 0 1 0 0 0 2 0 
Dicranota spp. 0 11 5 0 18 0 39 46 7 0 0 3 1 3 10 
Psychodidae 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
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Psychoda alternata 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Certatopgonidae 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Empididae 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 
Hydrellia nasturtii 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
Tabadinae 0 0 0 0 0 0 0 0 0 0 5 1 0 0 0 
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GASTROPODA 
               Ancylus fluviatilis 1 0 0 0 0 0 2 0 19 6 0 0 0 0 0 
Zonitidae 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Potamopyrgus antipodarum 0 7 0 0 1 0 0 0 2 0 0 6 0 5 0 
OLIGOCHAETA 
               spp. 19 27 7 33 31 26 7 8 3 12 17 12 1 18 5 
HIRUDINEA 
               Erpobdella octoculata 0 0 0 10 0 8 0 1 0 1 0 0 0 0 0 
Glossiphonia complanata 0 0 2 0 0 5 0 0 5 0 2 1 0 0 0 
Hirudo medicinalis  0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 
MALACOSTRACA 
               Gammarus pulex 8 13 54 3 25 41 15 58 21 4 3 5 24 22 12 
Asellus aquaticus 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 
PLECOPTERA 
               Amphinemura standfussi 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Isoperla grammatica 2 0 0 0 0 1 3 15 74 12 3 5 2 19 18 
Nemora avicularis 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
EPHEMEROPTERA 
               Baetis spp. 57 3 37 6 73 52 129 271 211 146 2 55 134 180 344 
Caenis robusta 0 29 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ephemera danicia 5 0 0 0 0 2 6 0 15 5 43 8 4 0 39 
Ephemera vulgata 0 20 0 0 0 0 0 0 0 0 0 0 0 0 0 
Habrophlebia fusca 4 3 5 0 0 11 0 8 0 0 0 0 0 0 0 
Paraleptophlebia submarginata 0 0 1 0 0 2 0 1 0 0 2 0 0 0 0 
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COLEOPTERA 
               Elmis aenea 0 0 7 0 0 18 0 311 9 1 0 0 0 0 0 
Elmis aenea (larvae) 0 0 12 0 0 13 0 28 36 9 0 0 0 2 0 
Riolus (larvae) 0 0 0 0 0 0 0 2 0 1 0 0 0 0 1 
Limnius volckmari 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
Limnius volckmari (larvae) 0 0 0 0 0 0 5 0 17 4 0 0 0 0 5 
Scirtidae (larvae) 0 0 0 0 2 0 0 0 0 0 0 2 1 0 0 
Potamonectes depressus elegans 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 
TRICHOPTERA 
               Rhyacophila dorsalis 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 
Rhycaphilla obliterata 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 
Plectrocnemia conspersa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Helisus radiatus 1 0 0 0 1 0 0 0 1 0 0 1 0 0 0 
Sericostoma personatum 0 2 1 0 0 0 0 0 1 1 0 1 0 1 0 
Polycentropus flavomaculatus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Polycentropus kingi 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 
Polycentropidae 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hydropsyche siltali 0 0 0 0 0 0 8 46 116 0 0 0 0 0 0 
Hydropsyche angustipennis 21 0 21 0 1 0 0 0 0 0 0 0 0 0 0 
Hydropsyche pellucidula 1 0 0 0 0 0 5 0 26 6 0 0 0 4 1 
Tinodes waeneri 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Tinodes unicolor 0 0 2 0 0 0 0 1 0 0 0 0 0 0 0 
Glossosamatidae 1 3 0 0 0 0 0 0 0 0 0 0 0 0 0 
Chaetopteryx villosa 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Athripsodes aterrimus 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
DIPTERA 
               Chironomidae 9 148 124 249 71 53 51 10 59 114 62 14 138 31 35 
Tipulidae 35 0 1 5 3 1 3 9 1 43 2 4 2 17 13 
Certatopgonidae 0 0 0 9 0 0 0 1 0 1 1 0 0 0 0 
Empididae 4 0 6 0 11 3 0 0 1 5 3 0 7 1 0 
Simuliidae 0 0 0 1 0 3 2 0 1 0 0 0 0 0 1 
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GASTROPODA 
               
Ancylus fluviatilis 25 0 0 0 0 0 1 0 10 2 1 0 0 0 0 
Lymnaea peregra 0 0 15 2 6 0 0 2 0 0 0 0 0 0 0 
Lymnaea stagnalis 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 
Potamopyrgus antipodarum 0 8 0 0 1 1 0 9 5 0 1 1 0 80 0 
BIVALVIA 
               
Pisidium spp. 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 
OLIGOCHAETA 
               
spp. 91 3 6 22 2 52 15 16 13 29 15 7 0 0 1 
HIRUDINEA 
               
Erpobdella octoculata 0 0 8 3 0 10 0 0 0 3 0 0 0 0 0 
Glossiphonia complanata 0 0 3 0 0 12 1 2 6 2 3 3 0 5 0 
Glossiphonia hetroclita 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 
MALACOSTRACA 
               
Gammarus pulex 18 4 62 17 11 76 22 90 44 1 11 15 53 87 7 
Asellus aquaticus 0 0 0 3 0 1 0 3 0 0 0 0 0 0 0 
Asselus meridianus 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Pacifastacus leniusculus 4 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
PLECOPTERA 
               
Leuctra fusca 26 0 0 0 0 0 1 0 20 1 0 0 19 2 0 
EPHEMEROPTERA 
               
Baetis spp. 142 0 9 6 0 1 7 49 20 123 0 8 11 17 8 
Caenis luctuosa 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 
Caenis robusta 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ephemera danicia 6 1 1 0 1 6 4 0 0 3 82 2 1 3 12 
Ephemera vulgata 0 32 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ephemerella ignita 3 0 0 0 0 0 0 0 8 14 0 1 0 1 0 
COLEOPTERA 
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Elmis aenea 0 0 11 0 0 30 0 237 4 4 0 0 0 0 0 
Elmis aenea (larvae) 0 0 14 0 0 4 3 74 27 16 0 0 0 2 0 
Oulimnius (larvae) 0 0 0 0 0 0 1 9 1 2 0 0 0 0 0 
Limnius volckmari (larvae) 0 0 1 3 0 2 3 0 25 2 0 0 1 2 1 
Scirtidae (larvae) 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Hydaenidae 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Haliplidae (larvae) 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 
Dytiscid (larvae) 0 0 3 9 0 1 1 0 0 0 0 0 0 1 0 
Potamonectes depressus elegans 0 0 0 0 0 0 0 11 0 0 0 0 0 0 0 
Corixida affinis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Corixid nymph 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 
Hydrophilidae (larvae) 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
MEGALOPTERA 
               
Sialis lutaria 0 8 0 0 0 5 2 0 0 0 0 0 0 0 0 
TRICHOPTERA 
               
Rhyacophila dorsalis 0 0 0 0 0 0 0 0 0 0 0 0 3 4 0 
Plectrocnemia conspersa 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Helisus radiatus 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 
Sericostoma personatum 0 0 0 0 0 0 0 5 4 0 1 1 0 1 0 
Polycentropus flavomaculatus 0 0 0 0 0 0 0 0 0 12 0 0 0 0 0 
Polycentropus kingi 0 0 0 0 0 6 0 0 0 0 0 0 0 0 0 
Hydropsyche siltali 10 0 0 0 0 0 0 0 0 0 0 0 0 2 0 
Hydropsyche angustipennis 14 0 0 0 0 0 0 0 0 2 1 0 0 0 0 
Hydropsyche pellucidula 42 0 0 0 0 0 0 0 60 0 0 0 0 0 2 
Micropterna sequax 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Limnephilidae affinis 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Limnephilid 1st/2nd instar 0 0 0 0 0 1 0 0 1 1 2 0 0 1 0 
DIPTERA 
               
Chironomidae 31 84 40 20 45 20 51 1 3 21 6 0 25 19 4 
Tipulidae 69 0 20 6 4 9 28 123 28 0 2 10 11 31 11 
Psychodidae 0 0 2 1 0 0 0 0 0 0 0 0 1 0 0 
Empididae 0 0 0 7 0 4 0 0 0 0 0 0 0 0 0 
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Tabadinae 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 
Simuliidae 0 0 3 0 0 0 2 1 4 3 0 1 0 16 6 
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Appendix 8 – Abiotic measurements and physical characteristics, collected at the 15 micro-
scale investigation sites (a) Autumn 2008, (b) Spring 2009, (c) Summer 2009 
 
(a) 
 
Bain Belchford Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.033 0.033 0.051 0.025 0.051 0.071 0.04 0.044 0.068 
Conductivity (µs) 698 
  
712 
  
709 
  O2 (mg/l) 8 
  
8.3 
  
8.4 
  pH 8.2 
  
8.2 
  
8.3 
  Temp (°C) 11.1     10.8     10.8     
          
Bain Furzehills Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.205 0.217 0.224 0.184 0.215 0.277 0.169 0.152 0.121 
Conductivity (µs) 852 
  
871 
  
865 
  O2 (mg/l) 9.7 
  
10.1 
  
10 
  pH 8.5 
  
8.5 
  
8.5 
  Temp (°C) 10.2     9.8     10     
          
Bain Scambelsby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.179 0.087 0.124 0.106 0.181 0.189 0.114 0.108 0.124 
Conductivity (µs) 527 
  
536 
  
527 
  O2 (mg/l) 6.8 
  
6.7 
  
6.8 
  pH 8 
  
7.9 
  
8 
  Temp (°C) 11.2     11     11.2     
          
Bain Miningsby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.229 0.132 0.122 0.018 0.021 0.018 0.053 0.052 0.055 
Conductivity (µs) 724 
  
726 
  
760 
  
O2 (mg/l) 
Jan-
00 
  
8.1 
  
8 
  pH 8.4 
  
8.4 
  
8.4 
  Temp (°C) 8.4     8.2     8.3     
          
Bain Brook Farm Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.19 0.149 0.225 0.141 0.143 0.204 0.14 0.298 0.271 
Conductivity (µs) 651 
  
662 
  
662 
  O2 (mg/l) 10.1 
  
9.3 
  
9.8 
  pH 8.3 
  
8.3 
  
8.3 
  Temp (°C) 10.4     10.5     10.4     
          
Bain Scrivelsby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.53 0.56 0.52 0.107 0.089 0.149 0.079 0.083 0.113 
Conductivity (µs) 701 
  
705 
  
708 
  O2 (mg/l) 9.9 
  
9.8 
  
9.8 
  pH 8.3 
  
8.4 
  
8.4 
  Temp (°C) 11     11     10.9     
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Bain Goulceby 
 
    
      Metric/Sample no. 1 2 3 
      
Velocity (ms
-1
) 2.19 2.2 2.21 
      Conductivity (µs) 682 
        O2 (mg/l) 9.2 
        pH 8.1 
        Temp (°C) 9.9     
      
          
Bain Hemingby 
 
    
      Metric/Sample no. 1 2 3 
      
Velocity (ms
-1
) 2.17 2.15 2.19 
      Conductivity (µs) 712 
        O2 (mg/l) 9.8 
        pH 8.1 
        Temp (°C) 9.9     
      
          
Lymn Harrington Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.03 0.027 0.024 0.011 0.013 0.011 0.019 0.008 0.01 
Conductivity (µs) 584 
  
588 
  
579 
  O2 (mg/l) 6.5 
  
6.9 
  
7.1 
  pH 7.9 
  
7.9 
  
7.8 
  Temp (°C) 9.4     9.4     9.4     
          
Lymn Salmonby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 2.08 2.12 2.13 1.92 1.76 1.77 1.81 1.81 1.82 
Conductivity (µs) 547 
  
562 
  
560 
  O2 (mg/l) 9 
  
9 
  
8.9 
  pH 8.1 
  
8 
  
8 
  Temp (°C) 10.3     10     10     
          
Lymn Tetford Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 2.15 2.19 2.19 2.2 2.2 2.21 2.18 2.21 2.24 
Conductivity (µs) 598 
  
600 
  
600 
  O2 (mg/l) 8.5 
  
8.6 
  
8.2 
  pH 7.8 
  
7.8 
  
7.8 
  Temp (°C) 10     9.9     9.9     
          
Lymn Hagworthingham Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.203 0.26 0.231 0.239 0.281 0.313 0.15 0.148 0.142 
Conductivity (µs) 757 
  
773 
  
773 
  O2 (mg/l) 9.8 
  
9.5 
  
9.6 
  pH 8.5 
  
8.5 
  
8.5 
  Temp (°C) 8.5     8.5     8.4     
          
Lymn Somersby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.281 0.274 0.204 0.167 0.195 0.186 0.121 0.172 0.168 
Conductivity (µs) 650 
  
651 
  
651 
  O2 (mg/l) 9.1 
  
8.5 
  
8.5 
  pH 8.3 
  
8.3 
  
8.3 
  Temp (°C) 10.6     10.5     10.5     
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Lymn Stockwith Mill 
 
    
      Metric/Sample no. 1 2 3 
      
Velocity (ms
-1
) 2.17 2.18 2.2 
      Conductivity (µs) 597 
        O2 (mg/l) 9.8 
        pH 8 
        Temp (°C) 9.9     
      
          
Lymn Partney 
 
    
      Metric/Sample no. 1 2 3 
      
Velocity (ms
-1
) 2.22 2.21 2.23 
      Conductivity (µs) 618 
        O2 (mg/l) 9.3 
        pH 8.1 
        Temp (°C) 10.1     
       
 
(b) 
 
Bain Belchford Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.48 0.44 0.566 0.238 0.52 0.45 0.343 0.53 0.5 
Conductivity (µs) 646 
  
661 
  
659 
  O2 (mg/l) 9.8 
  
10.3 
  
7.3 
  pH 8.4 
  
8.4 
  
8.4 
  Temp (°C) 9.9     9.5     9.5     
          
Bain Furzehills Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.112 0.168 0.238 0.21 0.16 0.23 0.281 0.18 0.29 
Conductivity (µs) 776 
  
779 
  
778 
  O2 (mg/l) 11.2 
  
11.2 
  
11.1 
  pH 8.5 
  
8.5 
  
8.5 
  Temp (°C) 9.6     9.4     9.3     
          
Bain Scambelsby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.196 0.231 0.306 0.51 0.49 0.57 0.67 0.68 0.98 
Conductivity (µs) 551 
  
552 
  
550 
  O2 (mg/l) 10 
  
9.3 
  
10 
  pH 8.5 
  
8.6 
  
8.6 
  Temp (°C) 10.2     10.5     10.3     
          
Bain Miningsby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.94 0.91 0.99 0.74 0.76 0.7 0.75 0.73 0.79 
Conductivity (µs) - 
  
- 
  
- 
  O2 (mg/l) - 
  
- 
  
- 
  pH 8.3 
  
8.3 
  
8.4 
  Temp (°C) 9.6     9.4     10.3     
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Bain Brook Farm Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.178 0.198 0.16 0.21 0.144 0.228 0.16 0.092 0.226 
Conductivity (µs) 630 
  
640 
  
640 
  O2 (mg/l) 10/105 
  
9.7/100 
 
9.6/96 
  pH 8.4 
  
8.4 
  
8.4 
  Temp (°C) 10.1     10.1     10.3     
          
Bain Scrivelsby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 1.29 1.39 1.43 1.18 1.33 1.39 1.13 1.27 1.36 
Conductivity (µs) - 
  
- 
  
- 
  O2 (mg/l) 13.9 
  
11.7 
  
13.3 
  pH 8.3 
  
8.3 
  
8.4 
  Temp (°C) 10.2     10.9     10.4     
          
Bain Goulceby 
 
    
      Metric/Sample no. 1 2 3 
      
Velocity (ms
-1
) 0.31 0.279 0.313 
      Conductivity (µs) 639 
        O2 (mg/l) 9.5 
        pH 8.3 
        Temp (°C) 10.4     
      
          
Bain Hemingby 
 
    
      Metric/Sample no. 1 2 3 
      
Velocity (ms
-1
) 0.117 0.16 0.237 
      Conductivity (µs) 642 
        O2 (mg/l) 9.1/94 
        pH 8.4 
        Temp (°C) 10.3     
      
          
Lymn Harrington Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.555 0.45 0.5 0.49 0.52 0.57 0.325 0.5 0.59 
Conductivity (µs) - 
  
- 
  
- 
  O2 (mg/l) - 
  
- 
  
- 
  pH 8.1 
  
8.1 
  
8.1 
  Temp (°C) 9.3     9.4     9.7     
          
Lymn Salmonby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.302 0.429 0.48 0.162 0.17 0.194 0.353 0.276 0.228 
Conductivity (µs) - 
  
- 
  
- 
  O2 (mg/l) 15.4 
  
16.2 
  
16.6 
  pH 8.4 
  
8.4 
  
8.4 
  Temp (°C) 13.3     11.6     11.7     
          
Lymn Tetford Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.48 0.474 0.497 0.424 0.43 0.397 0.28 0.236 0.385 
Conductivity (µs) 578 
  
580 
  
581 
  O2 (mg/l) 9.7 
  
9.6 
  
9.7 
  pH 7.9 
  
7.5 
  
79 
  Temp (°C) 9.9     9.9     9.8     
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Lymn Hagworthingham Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.53 0.59 0.64 0.51 0.67 0.71 0.56 0.69 0.74 
Conductivity (µs) - 
  
- 
  
- 
  O2 (mg/l) - 
  
- 
  
- 
  pH 8.4 
  
8.4 
  
8.3 
  Temp (°C) 8.9     9     9.4     
          
Lymn Somersby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.52 0.46 0.469 0.491 0.39 0.52 0.441 0.452 0.468 
Conductivity (µs) - 
  
- 
  
- 
  O2 (mg/l) 9.1 
  
19.1 
  
16.6 
  pH 8.3 
  
8.3 
  
8.3 
  Temp (°C) 11.7     12.1     12     
          
Lymn Stockwith Mill 
 
    
      Metric/Sample no. 1 2 3 
      
Velocity (ms
-1
) 0.472 0.484 0.42 
      Conductivity (µs) - 
        O2 (mg/l) - 
        pH 8.3 
        Temp (°C) 9.6     
      
          
Lymn Partney 
 
    
      Metric/Sample no. 1 2 3 
      
Velocity (ms
-1
) 0.424 0.422 0.372 
      Conductivity (µs) - 
        O2 (mg/l) - 
        pH 8.4 
        Temp (°C) 10.4     
       
 
(c) 
 
Bain Belchford Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.092 0.095 0.096 0.12 0.13 0.152 0.125 0.115 0.12 
Conductivity (µs) 639 
  
644 
  
645 
  O2 (mg/l) 10.2 
  
10.2 
  
10.7 
  pH 8.5 
  
8.5 
  
8.5 
  Temp (°C) 13.3     13.3     13.3     
          
Bain Furzehills Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.046 0.048 0.049 0.09 0.13 0.129 0.014 0.011 0.014 
Conductivity (µs) 733 
  
746 
  
759 
  O2 (mg/l) 9.8 
  
9.8 
  
7.5 
  pH 8.3 
  
8.3 
  
8.3 
  Temp (°C) 12.3     12.2     12.2     
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Bain Scambelsby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.161 0.163 0.161 0.029 0.047 0.052 0.013 0.015 0.013 
Conductivity (µs) 549 
  
552 
  
555 
  O2 (mg/l) 9.9 
  
9.1 
  
9.3 
  pH 8.6 
  
8.6 
  
8.6 
  Temp (°C) 13.6     13.6     13.6     
          
Bain Miningsby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.153 0.137 0.135 0.036 0.04 0.061 0.008 0.015 0.025 
Conductivity (µs) 673 
  
672 
  
693 
  O2 (mg/l) 12.1 
  
11.7 
  
11.5 
  pH 8.4 
  
8.4 
  
8.4 
  Temp (°C) 15.6     15.6     15.6     
          
Bain Brook Farm Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.091 0.107 0.109 0.024 0.026 0.025 0.01 0.013 0.013 
Conductivity (µs) 674 
  
681 
  
681 
  O2 (mg/l) 11.1 
  
10.1 
  
10.1 
  pH 8.5 
  
8.5 
  
8.5 
  Temp (°C) 13     13     12.9     
          
Bain Scrivelsby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.352 0.361 0.237 0.287 0.31 0.289 0.131 0.129 0.185 
Conductivity (µs) 644 
  
647 
  
647 
  O2 (mg/l) 12.4 
  
12.1 
  
11.5 
  pH 8.4 
  
8.4 
  
8.4 
  Temp (°C) 11     11     10.9     
          
Bain Goulceby       
      Metric/Sample no. 1 2 3 
      
Velocity (ms
-1
) 0.041 0.041 0.038 
      Conductivity (µs) 522 
        O2 (mg/l) 10.1 
        pH 8.3 
        Temp (°C) 14.3     
      
          
Bain Hemingby       
      Metric/Sample no. 1 2 3 
      
Velocity (ms
-1
) 0.065 0.072 0.059 
      Conductivity (µs) 561 
        O2 (mg/l) 11.2 
        pH 8.4 
        Temp (°C) 16.1     
      
          
Lymn Harrington Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.052 0.055 0.054 0.053 0.054 0.057 0.021 0.033 0.021 
Conductivity (µs) 538 
  
538 
  
538 
  O2 (mg/l) 10.9 
  
8.2 
  
9.1 
  pH 7.9 
  
7.9 
  
7.8 
  Temp (°C) 15.2     15.2     15.2     
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Lymn Salmonby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.195 0.199 0.202 0.258 0.335 0.657 0.291 0.209 0.195 
Conductivity (µs) 565 
  
564 
  
559 
  O2 (mg/l) 14.6 
  
12.6 
  
13.4 
  pH 8.3 
  
8.3 
  
8.3 
  Temp (°C) 14.4     14.4     14.4     
          
Lymn Tetford Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.58 0.49 0.53 0.039 0.039 0.04 0.247 0.225 0.196 
Conductivity (µs) 570 
  
570 
  
570 
  O2 (mg/l) 9.9 
  
9.8 
  
9.8 
  pH 7.8 
  
7.8 
  
7.8 
  Temp (°C) 13.4     13.4     13.4     
          
Lymn Hagworthingham Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.12 0.105 0.136 0.297 0.232 0.206 0.062 0.016 0.01 
Conductivity (µs) 711 
  
711 
  
711 
  O2 (mg/l) 11.4 
  
12.3 
  
11.1 
  pH 8.5 
  
8.5 
  
8.5 
  Temp (°C) 15.5     15.5     15.5     
          
Lymn Somersby Riffle     Run     Pool     
Metric/Sample no. 1 2 3 1 2 3 1 2 3 
Velocity (ms
-1
) 0.149 0.236 0.249 0.128 0.12 0.137 0.114 0.119 0.112 
Conductivity (µs) 524 
  
524 
  
524 
  O2 (mg/l) 11.4 
  
12.2 
  
10.8 
  pH 8.1 
  
8.1 
  
8.1 
  Temp (°C) 16.6     16.6     16.6     
          
Lymn Stockwith Mill       
      Metric/Sample no. 1 2 3 
      
Velocity (ms
-1
) 0.64 0.6 0.61 
      Conductivity (µs) 594 
        O2 (mg/l) 11.7 
        pH 8.4 
        Temp (°C) 16.4     
      
          
Lymn Partney       
      Metric/Sample no. 1 2 3 
      
Velocity (ms
-1
) 0.127 0.128 0.109 
      Conductivity (µs) 624 
        O2 (mg/l) 11.5 
        pH 8.5 
        Temp (°C) 16.4     
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Appendix 9 – CCA ordination of, (a) Autumn 2008 Surber samples (family-level), (b) Autumn 
2008 macroinvertebrate families, (c) Autumn 2008 Surber samples (species-level), (d) Autumn 
2008 macroinvertebrate species, (e) Summer 2009 Surber samples (family-level), (f) Summer 
2009 macroinvertebrate families, (g) Summer 2009 Surber samples (species-level), (h) Summer 
2009 macroinvertebrate species, and environmental variables. (Samples are grouped according 
to Habitat Modification classes (1, 3, 4, 5)) 
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